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DEPARTMENT  OF  THE  ARMY 

U  S  ARMY  AVIATION  MATERIEL  LABORATORIES 
FORT  EUSTIS.  VIRGINIA  23604 


This  contract  was  initiated  to: 

1.  Assess  the  relative  merits  of  the  Alpha,  Beta,  Gamma,  and  Delta 
configurations  of  the  Dynamic  Antiresonant  Vibration  Isolator 
(DAVI) .  A  generalized  parametric  study  of  the  four  DAVI  cir¬ 
cuits  was  conducted,  setting  forth  in  the  form  of  design  charts 
the  relationships  between  DAVI  performance  and  DAVl's  key 
parameters . 

2.  Determine,  through  tests  and  analyses,  the  design  feasibility 
and  the  isolation  characteristics  of  the  two-dimensional  DAVI 
Alpha,  which  is  an  isolator  simultaneously  offering  isolation 
in  two  orthogonal  directions. 

Results  show  that  the  DAVI,  a  passive  mechanical  isolator,  simultaneously 
offers  high  static  stiffness  while  exhibiting  very  low  transmissibility . 
The  low  transmissibility  associated  with  antiresonance  is  independent  of 
the  isolated  mass.  Test  results  demonstrated  that  the  DAVI  could  be 
tuned  to  give  an  antiresonance  over  a  broad  frequency  range  without  any 
change  of  hardware. 

From  the  operational  point  of  view,  there  appears  to  be  little  difference 
between  the  Beta  and  Gamma  configurations.  The  Delta  configuration 
exhibits  one  key  advantage:  zero  deflection  of  the  inertia  bar  under 
static  load.  For  some  applications,  however,  the  price  of  the  very 
definite  advantage  may  be  too  high,  because  the  DAVI  Delta  does  not  have 
the  versatility  of  simple  tuning  without  a  hardware  change.  The  DAVI 
Delta,  it  is  noted,  is  the  impedance  equivalent  of  a  Wheatstone  Bridge 
and  thus  might  be  suitable  for  impedance  measurements.  Tests  and  analyses 
show  the  two-dimensional  DAVI  A lj ha  to  be  very  promising  for  attenuating 
discrete  frequency  excitations  common  to  helicopter  vibration  problems. 

This  report  has  been  reviewed  by  the  U.  S.  Army  Aviation  Materiel 
Laboratories  and  is  considered  to  be  technically  sound.  It  is  published 
for  the  exchange  of.  information  and  the  stimulation  of  ideas. 
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SUMMARY 


This  report  covers  the  analysis  and  experimental  model 
testing  of  the  Dynamic  Antiresonant  Vibration  Isolator 
(DAVI),  including  the  basic  DAVI  Alpha  and  the  series- 
type  DA VI  models. 


A  parametric  study  was  conducted  on  the  basic  unidirectional 
and  two-dimensional  DAVI  Alpha  to  determine  its  isolation 
performance,  and  a  general  design  criterion  was  obtained. 
Theoretical  analyses,  including  damping  across  the  series 
element,  were  done  on  the  series-type  DAVI's.  A  comparison 
was  made  of  the  series-type  DAVI  Beta  and  Gamma.  Shock 
analyses  for  various  types  of  inputs  were  done  for  the 
DAVI  Alpha  configuration. 

Experimental  models  of  the  unidirectional  and  two- 
dimensional  DAVI  Alpha  and  the  series-type  DAVI  Beta  and 
Gamma  were  constructed  and  tested  to  corroborate  the  theo¬ 
retical  results.  Drop  tests  with  three  different  inputs 
were  done  to  determine  the  shock  characteristics  of  the 
DAVI  Alpha. 

Results  of  the  analysis  and  tests  show  that  the  DAVI  Alpha 
can  be  designed  to  give  over  98-percent  isolation  at  much 
lower  frequencies  than  a  conventional  isolator  with  the 
same  static  frequencies.  The  isolation  obtained  at  the 
antirescnant  frequency  is  independent  of  the  mass  to  be 
isolated.  Analysis  and  tests  show  that  the  DAVI  Alpha  can 
be  designed  to  give  better  shock  attenuation  than  the  con¬ 
ventional  isolator  with  the  same  spring  rate. 

Analysis  and  tests  show  that  a  DAVI  Beta  or  Gamma  can  be 
designed  to  retain  the  advantages  of  the  DAVI  Alpha  and  to 
obtain  better  high-frequency  isolation  than  the  equivalent 
conventional  isolator.  Damping  across  the  series  element 
can  be  used  to  attenuate  the  amplitude  obtained  at  the 
second  natural  frequency  without  affecting  the  isolation 
obtained  at  the  antiresonance. 


iii 


FOREWORD 


This  research  program  for  the  parametric  study  and  testing 
of  the  Kaman  Dynamic  Antiresonant  Vibration  Isolator  (DAVI) 
was  performed  by  Kaman  Aircraft,  Division  of  Kaman  Cor¬ 
poration,  under  Contract  DA  44-177-AMC-391  (T)  for  the 
U.  S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustis, 
Virginia . 

The  program  was  conducted  under  the  technical  direction  of 
Mr.  J.  H.  McGarvey,  Contracting  Officer's  Representative. 

Principal  Kaman  personnel  in  this  program  were  Messrs. 

R.  C.  Anderson  and  M.  F.  Smith,  Research  Engineers; 

H.  A.  Cooke  and  R.  F.  Metzger,  Research  Technicians; 

W.  G.  Flannelly,  Assistant  Chief  of  Vibrations  Research; 
and  R.  Jones,  Chief  of  Vibrations  Research. 
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INTRODUCTION 


The  design  problems  of  conventional  isolation  for  low  fre¬ 
quency  are  well-known.  The  greater  the  isolation  desired, 
the  larger  the  static  deflection  required.  The  solution 
to  this  problem  is  to  provide  a  device  which  will  give  a 
high  percentage  of  isolation  with  a  very  small  static 
deflection.  The  Dynamic  Antiresonant  Vibration  Isolator 
(DAVI)  is  such  a  device;  research  on  the  DAVI  was  sponsored 
by  the  U.  S.  Army  Aviation  Materiel  Laboratories  (USAAVLABS) 
under  Contract  DA  44-177-AMC- 196(T)  and  is  reported  in 
Reference  1. 

This  research  through  analysis  and  tests  showed  that  the 
DAVI,  which  is  a  passive  vibration  isolator,  can  provide 
a  high  degree  of  isolation  at  low  frequency  with  very  low 
static  deflection.  At  a  predetermined  antiresonant  fre¬ 
quency,  the  nearly  zero  transraissibil ity  across  a  DAVI  is 
independent  of  the  isolated  mass.  The  analysis  and  tests 
showed  that  the  DAVI  gives  significantly  better  shock 
isolation  than  a  standard  isolator  with  the  same  spring 
rate . 

However,  further  research  was  required  to  determine  engi¬ 
neering  design  parameters  of  the  DAVI  and  to  determine 
more  thoroughly  the  isolation  characteristics  of  the  series- 
type  DAVI's,  especially  to  determine  the  effects  of  damping 
in  the  series  element.  This  report  discloses  the  results 
of  the  analytical  and  experimental  research  conducted  on 
the  unidirectional  DAVI  Alpha,  the  two-dimensional  DAVI 
Alpha,  and  the  series-type  DAVI  which  includes  the  Beta, 
Gamma,  and  Delta.  The  analytical  phases  determined  design 
criteria  for  the  unidirectional  and  two-dimensional  DAVI 
Alpha.  Comparisons  were  made  of  the  series-type  DAVI’s. 
Shock  analysis  was  done  for  various  types  of  inputs.  The 
experimental  work  on  the  DAVI  models  corroborated  the 
analytical  predictions  of  the  DAVI  concept  in  vibration 
isolation. 
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DAY I  ALPHA 


UNIDIRECTIONAL  DAY  I  ALPHA 


Analysis 


The  equations  of  motion  of  the  DAVI  Alpha  have  been  derived 
in  USAAYLABS  Technical  Report  65-75  (Reference  1).  However, 
for  completeness,  the  equations  of  motion  are  rederived,  and 
the  transmissibility  equation  is  then  nondimensionalized 
and  programmed  for  the  digital  computer.  The  transmissi¬ 
bility  equation  is  then  used  to  determine  design  criteria 
for  the  DAVI  Alpha  and  is  compared  to  the  conventional  iso¬ 
lator.  This  comparison  is  made  of  these  systems  with 
equivalent  static  deflection  (  inches). 

For  the  following  schematic,  the  equations  of  motion  can 
be  derived. 


Figure  1.  Schematic  of  a  Simple  Isolation  System 

From  the  above  schematic,  the  energies  of  the  DAVI  Alpha 
system  are 


T«  *  nz i*  +  i  iez*- ± /iD  zD  u> 

v:  i  kb  (z,-zc)* 

D--  i  C0fe-ZB)* 
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(3) 


But 


Bz  Z*~Z £ 

) r  and 


(4) 


Substituting  the  above  in  the  kinetic  energy  equation. 
Equation  (1)  becomes 


Using  Lagrange's  equation,  the  equation  of  motion  is 


(5) 


(6) 


"0*  r 


KoiBsO  (7) 


Assuming  a  steady-state  solution  of  the  form  etu*  ,  the 
transmissibility  equation  of  the  DAVI  Alpha  is 


*8’ 


•Vi 

'1*  w 

<a%  lCD<u 

1 

O 

it 

Mt+H0C^ 

to**  L  Co  & 

However, 
and  let 


I  =  M0/02 


(8) 


(9) 

(10) 


where  and  are  the  effective  mass  of  the  DAVI  Alpha 
at  the  antiresonant  frequency  and  resonant  frequency, 
respect ively. 


3 


Substituting  Equations  (9)  and  (10)  into  Equation  (8), 
Equation  (8)  becomes 


_  Ko-rytoS-i-Cp^ 


It  is  seen  from  the  above  equations  that  zero  transmissi 
bility  or  the  antiresonant  frequency  of  the  DAVI  Alpha, 
neglecting  damping  (Cq)  ,  is  obtained  when  the  numerator 
is  zero,  or 


CJ 


z 


(12) 


and  the  natural  frequency  of  the  DAVI,  neglecting  damping, 
is  obtained  when  the  denominator  of  Equation  (11)  is  zero, 
or 


OJ 


(13) 


The  transmissibility  equation  can  be  rewritten  by  dividing 
the  numerator  and  denominator  by  Ma  as 


(14) 


The  critical  damping  in  a  conventional  isolation  system 
is 


Cc*  2/^44, 


(15) 
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in  which 


The  critical  damping  in  the  DAVI  Alpha  system  is  defined  in 
a  similar  manner,  as 


in  which 


(16) 


However,  for  the  DAVI  Alpha  isolation  system,  since  the 
antiresonant  frequency  or  the  null  is  not  affected  by  the 
mass  of  the  isolated  item,  a  damping  criterion  similar  to 
critical  damping  can  be  defined  as 


in  which 


Further  defining. 


CAS  2 


(17) 


(18) 


Equation  (14)  can  now  be  nond linens ionalized  by  dividing 
denominator  and  numerator  by  ou%  and  by  utilizing  the  per¬ 
cent  of  damping  at  the  null  from  Equation  (18) ,  Equation 
(14)  becomes 


&  U 


(19) 


S 


and  the  absolute  transmissibility  is 


(20) 


The  above  nondime ns ional  transmissibility  equation  was 
programmed  for  the  360  digital  computer.  This  program 
is  primarily  useful  in  obtaining  the  complete  trans¬ 
missibility  equation  versus  frequency,  and  in  obtaining 
the  effects  of  damping  in  the  DAVI  after  the  DAVI  has 
been  properly  sized.  To  facilitate  estimating  the  size 
of  key  DAVI  parameters  for  a  given  application,  design 
criteria  follow. 


Design  Criteria 

In  these  design  criteria,  a  series  of  graphs  have  been 
produced  from  which  rapid  approximations  may  be  made  in 
predicting  the  physical  parameters  and  performance  ex¬ 
pectations  of  DAVI  Alpha  vibration  mounts.  These  graphs 
allow  the  determination  of  r,  R ,/>,#,  Md*  the  DAVI  Alpha 
transmissibility  curves,  and  the  bandwidth  of  isolation 
about  the  tuned  frequency.  For  comparison  with  a  con¬ 
ventional  system,  the  transmissibility  curves  of  a 
conventional  isolator  of  equivalent  stiffness  are  also 
presented. 

In  any  comparison,  there  must  be  a  mutual  base  from  which 
to  draw  related  conclusions.  In  vibration  isolation,  the 
system  natural  frequency  is  the  logical  base.  However, 
the  natural  frequency  is  a  function  of  the  isolated  mas«; 
and  the  stiffness  of  the  system;  and  as  Reference  1  has 
shown,  the  DAVI  exhibits  a  characteristic  of  antiresonance 
which  is  independent  of  the  isolated  mass.  It  has,  there¬ 
fore,  been  chosen  to  compare  DAVI  Alpha  and  conventional 
isolation  systems  of  equivalent  stiffness,  using  then  the 
mutual  base  of  static  deflection  (  inches). 


6 


In  many  vibration  problems,  such  as  helicopter  appli¬ 
cations,  isolation  is  usually  concerned  with  a  particular 
excitation  frequency,  and  the  application  of  the  DAVI 
principle  to  such  a  problem  would  be  to  create  a  null 
or  antiresonance  at  this  discrete  frequency.  The  anti¬ 
resonant  frequency  (f^  cycles  per  second)  is  then  a  key 
parameter  also. 

The  following  design  criteria  will  make  (use  of  the  above 
two  functions,  which  will  occur  as  a  fA2  term,  and  will 

relate  this  comparative  term  to  the  other  system  param¬ 
eters.  The  resulting  graphical  representations  of  these 
relationships  will  provide  an  exyeditious  means  from  which 
DAVI  Alpha  physical  parameters  and  performance  may  be 
predicted  and  compared  to  a  conventional  system  for  given 
isolation  requirements. 


The  schematic  of  the  undamped  DAVI  Alpha  showing,  a  negative 
and  positive  R  is  given  tylow. 


Undamped  DAVI  Alpha 


Dividing  the  numerator  and  denominator  of  Equation  (8)  by 
Ml,  letting  I  -  ^Md  ,and  neglecting  the  damping  terms, 
the  equation  becomes 


go  _  *,*  g>[ 

1 

*14. 

i 

i*  a 

[(?■>) 

(21) 


Letting  z  to*  and  ^ 

nx  *  A?r  ° 


and  dividing  numerator  and 


denominator  by  co„9 
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(22) 


/-( 

& 

'-m 

t  [ 

(r~'?+  £]] 

To  determine  the  effectiveness  of  the  inertia  of  the  DAVI 
bar,  first  let  ^  =  o  .  Equation  (22)  reduces  to 

'-(HUm-) 

!>“=  '-©Y"-*.  ,23> 

Then,  consider  a  thin  rod  as  the  DAVI  inertia  bar  with 
one  end  pivoted  to  the  isolated  mass,  as  shown  in  Figure  3. 


Figure  3.  DAVI  Alpha  With  Thin 
Rod  Inertia  Bar 

The  i^ass  moment  of  inertia  is  I  -  MD/oz  and  for  a  thin 
rod  -  S7/>z  .  But  r  2>?  ;  therefore^2  r  3Z  . 
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Subst 


ituting  that  /o2r  ~  in  Equation  (22)  gives 


K  I  (U 

"i 


-a 


(24) 


For  very  high  frequency,  /<c  ( uj /cuN)z .  Therefore, 
Equations  ( 22 ),  (23),  and  (24)  can  be  rewritten  for  trans- 
missibility  at  very  high  frequency  as 


T«  s 

VHP 


(25) 


m-o 


(26) 


Ta-VH* 


rrrr-  , 


'Wyf*/-*  f+ij 


(27) 
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The  foregoing  equations  describe  the  primary  parametric 
relationships  of  the  DAV1  Alpha.  The  following  analysis 
will  now  relate  the  DAVI  and  the  conventional  isolator 
in  terms  of  the  static  deflection  (6^.)  and  the  tuned 
frequency  (f a) • 

The  natural  frequency  for  a  conventional  isolator  is 


CJ 


N 


Kp 

*x 


(28) 


and  the  static  deflection  is 


(29) 


Multiplying  both  sides  of  Equation  (29)  by  co*  , 

e  i- 

*  (30) 

P 

Substituting  Equations  (9)  and  (12)  for  cu*  on  the  right 
side,  and  using  I =  MDpz,  Equation  (30)  becomes 


_  Hi  9 


(31) 


Dividing  the  numerator  and  denominator  by/7r,  and  letting 


the  above  equation  may  be  arranged  to 


l 


(32) 
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Substituting  Equation  (32)  into  Equation  (25),  the  trans- 
missibility  at  VHF  becomes 


By  letting  / 

as 


(33) 


f^-t) ,  Equation  (33)  may  be  expressed 


_  _ ' _ 

'w  ^'r<c  (i2£)  *  i  (34) 

u  r 

where  £5T  is  in  inches,  and  is  in  cycles  per  second.  If 
.ot  r  ./  ,  and 

-/O  e  ■—  r  +  10  ,  then  ./  =  C  t  ZJ . 

The  relationship  of  C  versus for  various^  is  plotted 
in  Figure  8,  and  Equation  (34)  is  plotted  in  Figure  9. 

Figure  4  describes  the  bandwidth  for  the  DAVI,  where 
is  the  frequency  below  the  null,  and  COa  is  the  frequency 
above  the  null  at  a  given  transmissibility  less  than  unity. 


Figure  4.  Bandwidth  of  DAVI  Alpha 


11 


Analytical  determination  of  this  bandwidth  is  as  follows. 
Ignoring  damping.  Equation  (19)  becomes 


and 


then. 


Dividing 
and  (36b) 


II 

*4 

- 

^A~ 

—K  CO2 

” 4 

_ 

r 

* 

(35) 


•2  2 

-ur 


coz  - 
A  -j- 


(36a) 


the  numerator  and  denominator  of  Equations 
by  U)2  , 


(36b) 

(36a) 


(37a) 
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(37b) 


From  Equation  (37b),  it  is  apparent  that  for  \ 

the  transmissibility  is  negative.  ~ 

Solving  for  (to/to^,  Equation  (37a)  becomes 

/ CJ  V*  t 


(UJ  \2  ^  ~  ^ 

/  -  _Za 


(38) 


VHP 


For  and  ^  =  is  negative,  and 

Equation  (38)  becomes 


(-L?= 

\COaJ 


/  +  71 


71 

*VHr 


(39) 


For  ^VHP  and^  “  ^^4  »  is  positive,  and 

Equation  (38)  becomes 


(«& r  /-  T« 


(40) 


Substituting  Equation  (34)  into  Equations  (39)  and  (40), 


/&4f-  ' 

W'  » +  KlCCtf  c-|g 


(41) 


*L 
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(42) 


Equations  (41)  and  (42) ,  therefore,  define  the  bandwidth 
limits  of  the  DAVI  Alpha  for  Ta„MP  <  l.o  and  zero  damping. 
Figures  10A,  10B,  and  IOC  are  plots  of  these  equations. 

The  transmissibility  of  an  undamped  conventional  isolator 
is 


(43) 


Rearranging, 


(44) 


Below  resonance. 


7^.  is  positive,  and  Equation  (44)  becomes 


(45) 


Above  resonance,  71  is  negative,  and  Equation  (44)  becomes 


From  Equation  (30), 


\Q  <46> 

9 

<47> 
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Multiplying  Equations  (45)  and  (46)  by  Equation  (47),  and 
converting  to  units  of  inches  and  cycles  per  second. 
Equations  (45)  and  (46)  become 


and 


(48) 


(49) 


Equations  (48)  and  (49)  are  plotted  in  Figures  5A  and  5B. 

^  “  2 

To  determine  the  parameter  >rewrite  Equation 

(32)  or 

For  the  thin  rod  inertia  bar  where  ~  R  ,  then 

r  -  j 


or 


W^5=  4(RY*-_  R 
3  Vr/  r 


c  11  rz 

•4*rT. 


? 


(50) 


Equation  (50)  is  plotted  in  Figures  6A  and  6B  f or  R/t  positive 
and  negative,  respectively.  If  inertia  is  neglected,  ■=  o  , 
and  the  equation  becomes 


or 


(51) 
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Equation  (51)  is  plotted  in  Figures  7A  and  7B  for  R (r 
positive  and  negative,  respectively. 

The  angular  vibratory  motion  of  the  inertia  bar  for  values 
of  r  and  vibratory  input  at  antiresonance  is  shown  in 
Figure  11.  Figure  11  is  obtained  from  Equation  (4),  when 

2^  *  o 

Below  is  the  procedure  for  using  the  design  charts. 

U  2 

Step  1  Figure  5  -  4grfA  versus  u>/coA  for  various  /£  . 

For  the  given  problem,  determine  the  required 
tSsr-f-*  •  With  this  input,  enter  Figures  5A  and 
5B  and  read  the  values  of  Tc  for  various  values 
of  co/a. .  With  this  data,  plot  the  transmissi- 
bility  of  a  conventional  isolator  exhibiting  the 
same  static  deflection  as  chosen. 

Step  2  Figure  6  -  versus  R/r  for pz-rY^.  Making 

the  assumption  of  a  thin  rod  inertia  bar  DAVI, 
choose  an/? A*  ratio,  enter  Figures  6A  or  6B,  and 
read  the  corresponding  ^uD  .  Solve  ior^aD  . 

Figure  8  -  Value  C  versus  R/r  for  various^  . 
Using  previously  determined  R/tr  and.^,  ,  use 
Figure  8  and  read  the  value  of  C.  Determine 

r'»  tzr 

Figure  9  -  versus  ^T^at  .  Enter 

Figure  9  and  read  the  corresponding 

Figure  10  -&5TrAC  versus  ca/cuA for  various^  . 

At  Sjt fAC,  enter  Figures  10A,  10B,  and  10C,  and 
read  data  to  plot  transmissibility  of  DAVI  Alpha 
for  the  chosen  R./r. 

Step  6  Figure  11  -  \r  versus  20  for  various  values  of  O. 

At  the  required  2B  ,  determine  v  for  the  desired 
angular  motion  of  the  inertia  bar,  O  . 

Step  7  Repeat  Steps  2  through  6  for  various  R/r  ratios 

for  optimization  of  specific  problems. 

In  order  to  best  illustrate  the  design  procedure,  the 
following  examples  are  given: 

For  Example  1,  it  is  desired  to  isolate  100  pounds  from 
10  cps  with  0.11-inch  static  deflection  using  the  DAVI 
Alpha.  The  vibration  level  rt  the  excitation  frequency 
is  +0.3g  or  +0.029  inch. 


Step  3 

Step  4 
Step  5 
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Step  1 


Step  2 

Step  3 

Step  4 
Step  5 

Step  6 

Repeat 
Step  2 

Step  3 


Using  Figure  5B  with  the  input  =  • 11  Oo)  =  //.o , 

determine  values  of  Tc  for  various  values  of 
co/a>4  to  plot  transmissibil ity  of  the  conventional 
isolator  with  and  plot  as  shown  in  Figure 

12. 

With  ^/r  =  +  3  as  input  and  using  a  thin  rod  as  the 
DAVI  inertia  bar,  read  Figure  6A. 

=  /•  >5 

But  therefore, 

L'5' 

-  r  0./04 

//.O 

or  -  (jo4)(/oo)  z  / 0.4  pounds. 

Using  Figure  8  with  the  inputs  R-M-  +3  and 
usD -  ojo4,  determine  that  C-O.73.  Therefore, 

4'^fA2C  s.  (//.o)Co.79)  =  0.69. 

Using  Figure  9  with  the  input  that  £$rfAC  -  8.69, 
then  T.  --o.SZ. 

Using  Figures  10A  and  10B,  determine  the  DAVI 
Alpha  transmissibility,  and  plot  as  shown  in 
Figure  12. 

With  ?g  -  o.o23inch,  using  Figure  11  determine 
the  desired  angular  motion  ( <9  )  of  the  bar  and 
the  required  distance  between  pivots  ( r  ) .  For 
two  degrees  of  angular  mot  ion,  r- o.  S6  .  There¬ 
fore, =  2  58  inches  and  the  length  of  the  bar  is 
2R  or  5.16  inches. 

steps  2  through  6  for  a  R/r=-3. 

With  R/r=  -3  as  input  and  using  a  thin  rod  as  the 
DAVI  inertia  bar,  read  Figure  6B. 

£'srfit^uD  =  0.73 

But  * //.  O  ;  therefore, 

~  -  O.  0662 

or  Wp  =  (o.o^z)(/oc>)  =  pounds. 

Using  Figure  8  with  the  inputs  ~3 and 
^-0.0^2,  determine  that  C  =  /.^.  Therefore, 

<rf*C  =  0'.o)(/.2G)r/3.8Z. 


Step  4  Using  Figure  9  with  the  input  that  =  /3.B2.  , 

then  7',  -  0.4-^. 

Step  5  Using  Figure  IOC,  determine  the  DAVI  Alpha  trans- 
missibility,  and  plot  as  shown  in  Figure  12. 

Step  6  This  step  is  identical  to  Step  6  for  R/r-+3  . 

Therefore,  /?/♦-- -3  is  a  more  efficient  design  due 
to  the  lower  weight  of  the  inertia  bar.  If  a 
shorter  inertia  bar  is  desired,  again  using 
Figure  11  with  Z-B - o.oz9inch  and  allowing  three 
degrees  of  angular  motion  of  the  bar,  then  rio.fc 
inch  and/^-48;  thus  the  length  of  the  bar  is 
reduced. 

Repeat  Steps  2  through  6  for  an  R/y*  -  -/O  . 

Step  2  With  /^/r--/(5as  input  and  using  a  thin  rod  as  the 
DAVI  inertia  bar,  read  Figure  6B. 

=  0-071 

r  i  therefore  r  o  co^S 

or  Wq  r  (o.oo6yis)(/c>o)  =  o.&>4S  pound. 

Step  3  Using  Figure  8  with  the  inputs  R/r=~/0  and 

^  =  o.oo64 5",  determine  that  C -/.06S,  Therefore 

*  (n.c>Xi.o6>*>)  v.  n.7Z 


Step  4 
Step  5 


Using  Figure  9  with  the  input  ^ 72,  then 


Using  Figure  IOC,  determine  the  DAVI  Alpha  trans- 
missibility,  and  plot  as  shown  in  Figure  12. 


Step  6  With  Z©-0oz9inch,  using  Figure  11  determine  the 
desired  angular  motion  )  of  the  bar  and  the 
required  pivot  separation  ( ^ ) .  For  2  degrees 
of  angular  motion,  Kr£>.66inch.  Therefore  R  =  8. £>o 
inches  and  the  bar  length  is  17.2  inches.  For 
3  degrees  of  angular  mot ion,rrC>.&oinch  and  the 
bar  length  J  is  12,0  inches. 


Summary  Example  1;  Wx  =  100  pounds 

•fA,  =  10  cps 

II 

^  st  =  .11  inch 

=  +.029  inch 
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R Jr 

Inertia  Bar 
Weight,  Wq 

Angular 
Mot  ion 

e 

Pivot 

Separat ion 
r 

Bai 

Length 

J 

+3.0 

10.4  lbs 

2° 

.86” 

5.16” 

-3.0 

6.62  lbs 

2° 

.86” 

5.16” 

-3.0 

6.62  lbs 

3° 

.60” 

3.60” 

-10.0 

.645  lbs 

2° 

.86” 

17.20” 

-10.0 

.645  lbs 

3° 

.60” 

12.00” 

Bv  inspection,  a  large  negative  R/r  ratio  yields  the  optimum 
(lightest)  isolator  with  operation  at  the  highest  permiss¬ 
ible  angular  excursion, 6? ,  requiring  the  smallest  isolator 
envelope  based  on  bar  length,./7. 

For  Example  2,  it  is  desired  to  isolate  100  pounds  from 
3  cps  with  0.11-inch  static  deflection  using  the  DAVI  Alpha. 
The  excitation  level  is  +0.3g  or  +0.326  inch. 

Step  1  The  results  of  this  step  are  identical  to  Step  1 

in  Example  1,  and  the  transmisslbility  of  the  con¬ 
ventional  isolator  is  the  same  as  shown  in  Figure 
12. 

Step  2  With  -  ~/0  as  input  and  using  a  thin  rod  as  the 
DAVI  inertia  bar,  read  Figure  6B. 

-  0071 

But  <£ST-fA  =fo.//X^)  -  0.99  ;  therefore, 
ol&~  O.07H or  wD=  %/  7 pounds. 

Step  3  Using  Figure  8  with  the  input /^/r--/Oand^  =  o.  07/7, 
determine  thatC  =  /.S.  Therefore, 

C=  (o.99)(/.&)  -  /.7&. 

Step  4  Using  Figure  9  with  the  input  that  £*£C-1.78, 
then  T^h^O.Q2. 

Step  5  Using  Figures  10A  and  10B,  determine  the  DAVI 
Alpha  transmissibility,  and  plot  as  shown  in 
Figure  12. 

Step  6  With  20  =  £>.326  inch,  from  Figure  11,  determine 
that  for  a  reasonable  angular  motion  of  the  bar 
of  12°>  e?  9°,  then  1.5"^  2.0”  and  there¬ 

fore  15"£  R  <c  20”,  which  for  most  applications 
would  give  an  inertia  bar  that  is  too  long. 
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Repeat  the  Steps  2  through  6  for  ani^=-4. 

Step  2  With/?/^--^  as  input  and  using  a  thin  rod  as  the 

DAVI  inertia  bar,  read  Figure  6B. 

c"  cz 

^ST  'A.  ~ 

But  -  (o.o)(3)Z-0.  99;  therefore , 

-  (o.3s)/(o.sb)  ~  O.  334 or 

Wq  =  39. A-  pounds. 

For  some  applications,  this  may  be  a  reasonable  weight  and 
the  steps  may  be  continued.  However,  if  further  reduction 
of  weight  of  the  inertia  bar  is  required,  then  an  increase 
in  static  deflection  is  required.  Therefore,  repeat  steps 
1  through  6  for  a  4”T  =  0-29  and  R./t '=  -4  . 

u  2.  .  .  .2. 

Step  1  Using  Figure  5A  with  the  input  4sT+a  ~Cc  29)(3)  r  2.(}\t 
determine  values  of  Tc  for  various  values  of  c<j/ajA 
to  plot  transmissibility  of  conventional  isolator 
with  -0.29,  and  plot  as  shown  in  Figure  12. 

Step  2  With  R/r~  ~4-  as  input  and  using  a  thin  rod  as  the 
DAVI  inertia  bar,  read  Figure  6B. 

r"  rZ 
^ST 

But  4st  2  ;  therefore, 

^uD  =  (o.33)/(z.(a\)  -  o./sr 

or  pounds. 

Using  Figure  8  with  the  input  and ^  r  0J3  , 

determine  that  C-/-85  .  Therefore, 

Ssr-CC  =  (2  ^\X\  85)  r  4. S3 

"  2 

Using  i  ^ure  9  with  the  input  that  4STf.  C-  4.62, 
then  r  -  o.&ie  . 

Step  5  Using  Figures  10A  and  10B,  determine  the  DAVI 
Alpha  transmissibility  and  plot  as  shown  in 
Figure  12. 

Step  6  With  z?e  =  0, 3Z£>inch,  from  Figure  11,  determine 

that  for  a  reasonable  angular  motion  of  the  bar 
of  12°  2*  ®  2”  9°,  then  1.5  A  <2  2.0;  therefore, 

62  R.  <  8.0,  which  will  give  an  inertia  bar 
length  of  12  to  16  inches. 


Step  3 


Step  4 


Figure  5B.  DAV 
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Figure  6B.  DAVI  Alpha  Design  Chart,  4sr-fA-^0  Versus  ~ 
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26 


'ST 'A 


30 


igure  10B.  DAv I  Aipna  Design  unart,  fcST 


r 


Test  Fixture 


In  order  that  better  correlation  between  theoretical  and 
test  results  could  be  obtained,  a  unidirectional  test  rig 
was  designed.  Figures  14A  and  14B  are  pictures  of  this 
test  rig.  As  indicated  in  these  photographs,  the  test 
rig  consists  of  a  3/4-horsepower  electric  motor  turning 
two  counterrotating  shafts  through  two  1:1  right-angle 
drives  at  1750  rpra. 

Seated  on  these  two  counterrotating  shafts  are  the  base 
weight  and  isolated  weight.  The  weights  are  constrained 
to  move  axially  along  the  rotating  shafts,  as  illustrated 
by  one  weight  in  Figure  13. 


Figure  13.  Schematic  of  Weight  on  Shafts 

It  is  seen  from  the  above  schematic  that  only  axial 
translation  of  the  base  weight  and  isolated  weight  can 
occur.  In-house  research  has  shown  that  Coulomb  damping 
is  eliminated  and  only  viscous-type  damping  occurs.  This 
viscous  damping  is  proportioned  to  the  tangential  velocity 
of  the  rotating  shafts,  and  it  is  minimized  or  controlled 
by  the  rpm  of  the  shafts. 
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Figure  14B.  Longitudinal  View  of 
Unidirectional  Test 
Rig 


36 


Test  Equipment  and  Procedure 


Figure  15  is  an  overall  view  of  the  test  setup.  An  MB 
model  S-DA  electromagnetic  shaker  with  a  force  capability 
of  10  pounds  was  connected  to  the  base  weight  and  was 
used  for  the  excitation.  Two  MB  velocity  pickups,  which 
were  calib  ated  at  USAAVLABS  facilities,  were  attached 
to  the  input  and  isolated  weights.  The  outputs  of  the 
pickups  were  fed  to  an  MB  vibration  meter  and  the  results 
manually  recorded.  The  output  velocity  of  the  isolated 
weight  was  then  divided  by  the  input  velocity  of  the  base 
to  obtain  the  transmissibility  of  the  DAVI  Alpha.  The 
DAVI  Alpha  that  was  used  in  this  series  of  tests  is  shown 
in  Figure  16.  This  prototype  model  was  designed  to  have 
a  variable  r  (distance  between  pivots)  from  .75  inch  to 
2.0  inches.  Without  changing  any  of  the  physical  hardware, 
such  as  springs,  an  antiresonant  frequency  can  be  obtained 
from  4  cycles  per  second  to  30  cycles  per  second.  By  re¬ 
moving  the  weight  on  the  inertia  bar,  much  higher  anti¬ 
resonant  frequencies  can  be  obtained.  Figure  17  shows 
the  installation  of  this  model  in  the  test  rig.  For  this 
particular  installation,  it  can  be  seen  that  the  R/r  is 
negative. 

Test  Results 


Figures  18  through  23  give  the  results  of  the  test  of  the 
DAVI  Alpha.  Table  I  gives  the  configurations  tested. 

It  should  be  noted  that  the  change  in  spring  rate  is  not 
due  to  a  physical  change  of  springs;  it  is  due  to  the  change 
in  offset  of  the  pivots.  The  torsional  spring  rate  of 
the  Bendix  flexural  pivots  and  therefore  the  pivot  dis¬ 
tance  affect  the  overall  spring  rate  of  the  DAVI. 

The  results,  as  seen  in  Figures  18  through  23,  are  as 
expected.  In  each  series  of  tests,  that  is,  for  a  given 
R/r,  the  natural  frequency  of  the  DAVI  Alpha  was  reduced 
by  an  increase  in  the  isolated  weight,  and  the  high  fre¬ 
quency  isolation  approached  a  finite  value,  rather  than 
zero  as  in  a  conventional  isolator.  However,  as  expected, 
the  antiresonant  frequency  was  not  affected  by  the  mag¬ 
nitude  of  the  isolated  weight. 
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Figure  17.  DAVI  Alpha  Installation 


TABLE  I 


DA VI  ALPHA  CONFIGURATIONS  TESTED 


Isolated 

Weight 

(Pounds) 

DA  VI 
Inertia 
Bar  • 
Weight 
(Pounds) 

Kq 

Spring 

Rate  Ft 

(Pounds/In.)  (In.) 

an.) 

/° 

(In.) 

Figure 

Number 

11 

27 

42 

2.25 

428  -2.27 

2.00 

2.405 

18 

11 

27 

42 

2.25 

450  -2.40 

1.00 

2.125 

19 

11 

27 

42 

2.25 

484  -4.66 

.76 

3.480 

20 

11 

27 

42 

2.25 

428  4.20 

2.00 

2.435 

21 

11 

27 

42 

2.25 

450  2.95 

1.00 

1.92 

22 

11 

27 

42 

2.25 

484  3.68 

.76 

2.30 

23 

41 


Correlation 


Figures  24  through  41  show  the  results  of  the  correlation 
of  analytical  and  test  results.  A  comparison  is  also  made 
of  a  conventional  and  DAVI  Alpha  isolation  system  having 
the  same  spring  rate. 

Table  II,  on  the  following  page,  gives  the  results  of  this 
comparison.  The  physical  parameters  used  in  the  analytical 
comparison  are  those  given  in  Table  I,  and  the  theoretical 
transmissibility  curves  are  obtained  from  the  digital  pro¬ 
gram.  For  the  analytical  study,  . 01-percent  damping  (  ) 

at  the  antiresonant  frequency  was  used.  ; 

It  is  also  seen  from  Table  II  and  Figures  24  through  41  that 
very  good  correlation  was  obtained  between  the  analytical  and 
test  results.  The  natural  frequencies  and  antiresonant  fre¬ 
quencies  of  the  DAVI  Alpha  were  predicted  very  accurately. 

There  is  some  discrepancy  between  the  predicted  and  actual 
transmissibility  of  the  DAVI  Alpha  obtained  at  the  anti¬ 
resonant  frequency.  In  approximately  50  percent  of  the  cases, 
lower  transmissibility  than  predicted  was  actually  obtained 
from  the  tests. 

It  is  also  seen  that  there  is  a  discrepancy  between  the 
calculated  and  lest  natural  frequency  and  transmissibility 
of  the  conventional  system.  This  is  due  to  the  fact  that 
in  the  analysis,  the  effective  spring  rate  of  the  con¬ 
ventional  system  includes  the  spring  rate  of  the  pivots; 
whereas  in  the  test,  the  spring  rate  of  the  pivots  was 
not  included. 

It  is  seen  in  every  case  that  the  natural  frequency  of 
the  DAVI  was  lower  than  that  of  the  equivalent  conventional 
system.  In  Figure  30,  it  is  seen  that  an  antiresonant 
frequency  was  obtained  at  5,6  cycles  per  second,  whereas 
the  equivalent  conventional  system  had  a  natural  frequency 
of  20.02  cycles  per  second.  It  is  also  setr  that  in  13  of 
the  18  tests,  at  the  antiresonant  frequency  of  the  DAVI 
Alpha,  amplification  occurred  in  the  equivalent  conventional 
system. 
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COMPARISON  OF  THEORETICAL  AND  TEST  R£SULTS 
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Figure  19.  Experimental  Response  Curve  of  Unidirectional 
DAVI  Alpha  for  8  =  -2,40 

t 


45 


100 


10 


.01 


ISOLATED 
WEIGHT 
42  POUNDS 

27  POUNDS 

11  POUNDS 


.001  l _ 

1  1.5 


J _ i  i  1 

8  10 


-j _ I _ 

15  20 


-J - 1 - 1 _ l 

30  40  60 


FREQUENCY  -  C.P.S. 


Figure  20.  Experimental  Response  Curve  of  Unidirectional 

DAVI  Alpha  for  {§  =  -6.131 
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TRANSlil  SSIBILITY 


Figure  21.  Experimental  Response  Curve  of  Unidirectional 
DA VI  Alpha  for  8:  =  2.26 
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TRANSMISSIBILITY 


Figure  22.  Experimental  Response  Curve  of  Unidirectional 

DAVI  Alpha  for  =  2.950 
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TRANSIIISSIBILITY 


4 


FREQUENCY  -  C.P.S. 


Figure  230  Experimental  Response  Curve  of  Unidirectional 
DAVI  Alpha  for  P-  =  4.842 
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Figure  24. 


Analytical  and  Test 
Unidirectional  DAVI 
Weight  of  11  Pounds 
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Figure  25.  Analytical  and  Experimental  Response  Curves 
of  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  27  Pounds  and  5  =  -1.135 
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F  gure  27.  Analytical  and  Experimental  Response  Curves 
of  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  11  Pounds  and  B  =  -2.40 
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Figure  28. 


Analytical  and  Experimental  Response  Curves 
of  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  27  Pounds  and  £.  =  -2.40 
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FREQUENCY  -  C.P.S. 


Figure  29.  Analytical  and  Exper  iment.al  Response  Curves 
of  Unidirect iona 1  DAVI  Alpha  for  Isolated 
Weight  of  42  Pounds  and  =*  -2.40 


Figure  30„  Analytical  and  Experimental  Response  Curves 
of  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  11  Pounds  and  B  =  -6,131 
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Figure  31.  Analytical  and  Experimental  Response  Curves 
of  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  27  Pounds  and  E  - 6.131 
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Figure  33.  Analytical  and  Experimental  Response 
Curves  of  Unidirectional  DAVI  Alpha 
for  Isolated  Weight  of  11  Pounds  and 
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ure  34.  Analytical  and  Experimental  Response  Curves 

of  the  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  27  Pounds  and  £  =  2.100 
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Figure  39.  Analytical  and  Experimental  Response  Curves 

of  the  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  11  Pounds  and  ^  =  4,  872 
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Figure  40.  Analytical  and  Experimental  Response  Curves 

of  the  Unidirectional  DAVI  Alpha  for  Isolated 
Weight  of  27  Pounds  and  £L  =  4.872 
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Analytical  and  Exper imenta 1  Response  Curves 
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Weight  of  42  Pounds  and  5.  =  4.872 


Figure  41 . 


TWO-DIMENSIONAL  DA VI  ALPHA 
Analysis 

Below  is  a  schematic  of  the  two-dimensional  DAVI  Alpha. 


Figure  42.  Schematic  of  Two-Dimensional 
DAVI  Alpha 


From  the  above  schematic,  the  energies  of  the  system  may 
be  written 


T-4MrCil+yIl)+  4  m0  («*•>%*>  4  iae*i-4iy©y  (52) 


V-  4  K0<f  (2t-zBf  +  4  KDy  ( yt-  <53  > 

In  order  to  obtain  the  proper  coupling  terms  and  geometric 
relationships  of  the  inertia  bar,  the  principal  axes  of  the 
inertia  bar  were  rotated  to  the  axis  of  the  system  shown  in 
Figure  43, 
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VERTICAL 

4 


In  the  above  schematic,  ?p  ,  Xp  ,  and  yp  are  the  principal 
axes  of  the  inertia  bar  in  which 

Hp=  o 

yP  =  o 

Xp  =  R 

Mrst  rotating  the  axes  about  results  in  the  following 
rela t ionship  r 

y  1  =  R  ©y 
X'  =  R  cos  ©/ 


and  then  rotating  the  axes  about  the  'y  axis  gives 

yD=  R  <3y 

2d=  Rco5  ©y  sihSg 
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As  in  the  unidirectional  DAVI  Alpha,  it  is  seen  that 


0-_  - 


(54) 


HB= 


9y  -  ■  ya 
r  r 


=  V0S.yl(S_,) 


(55) 


(56) 


(57) 


Substituting  the  above  in  the  Kinetic  Energy  Equation  (52) 
results  in 


T  =  ^xCyE^2tl)^n0([yBS  -4C5.,)]2 

+C*3-5t(f-'5T]+i  &(V*)^  f|(4-ir)Z 


(58) 


Using  Lagrange's  equation,  the  equations  of  motion 


are 


[mi4-m„(S-!)+  liJii+K,,/!  -  [md  (7-1)1+  ^]y*-KByyB  =0(59) 

fvMod-O**  t8]2>  VrfMpCf-O^  7lj?9"Koe2B--  O  (60) 
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Assuming  a  steady-state  solution  of  the  form  e*  t,  the 
transmissibility  equations  of  the  two-dimensional  DAVI 
Alpha  are 


Substituting  Equations  (9)  and  (10)  into  the  above 
equations,  Equations  (61)  and  (62)  become 


(61) 


(62) 


two 


K[)y  ~~  ^Ay  ^ 


(63) 


°‘*  =  (64) 

It  is  seen  from  the  above  expressions  that  the  two-dimen¬ 
sional  DAVI  Alpha  is  completely  decoupled.  However,  for 
motions  of  the  base  that  are  not  along  the  principal  axes 
of  the  DAVI,  installation  will  result  in  bothy  and  2 
mot  ions . 


In  order  to  determine  this  effect,  a  change  in  coordinates 
is  necessary.  Figure  44  shows  the  coordinate  system. 
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Vi 


B 


Isolated  Body 


^rgure  44,  Coordinate  System  of  Two- 
Dimensional  DA VI  Alpha 

In  the  above  coordinate  system,  ?s  ,  Vg  ,  Ir  ,  and  X  are 
the  principal  axes  of  the  DAVI  Alpha,  and  fj  ,  p„  ,  and 

Tx  »  are  the  axes  of  the  motion  of  the  base  and 

isolated  body,  respectively. 

From  Figure  44,  it  is  seen  that 


£b  »  f 9  coj  0  -  PB  sm  $ 

(65) 

Vs  =  Pe  cos  +  fB  sm  (f 

(66) 

••  »**•  •• 

^8  =  -  P&  sm  0 

(67) 

•  *  •  #  •  • 

VB  =  PB  coy  0  V-  fB  sm  d 

(68) 

tx  -  f xcos<t>  -Pxsmtf 

(69) 

yx=  cos  $  +  fz  sm 

(70) 
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(71) 


•*  ♦  •  •* 

?x  =  fjr  CO S(f>  ~  PX  V  *>  <j> 

*  0  #  C  O  V 

>x  =  Pzcosrf  +  fj  stn  <f>  ^ 

Substituting  the  above  expressions  in  Equations  (59)  and 
(60)  results  m  the  following  equations  of  motion- 


(72) 


cos<&  -  (fzcasfi  -  Pz  s/ntf)  = 

{fe  cos  0  sm(b)  +  -  PB  (73) 

^Ry(f xsm(fi  +  fjCosfi)  +  K[>Y(frsir?^>  +  fxcostf)  - 
^Ay(fa^'n  h  *e  c°s4>)  +  KOY(fBsmfi  +%cos0) 


(74) 


Assuming  a  solution  of  the  form  ^  #  and 

5?  *  since  the  motion  of  the  base  is  along 

the  %  axis,  the  equations  in  matrix  form  are  for  g 

convenience,  where 

C#  =  Cojt  <fi 

=  57/7  ^ 

Then 


(K0y- |Pio  (k„ Sjfe 


(75) 
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Applying  Cramer's  rule  to  the  above  matrix  results  in  the 
following  expressions  of  transmissibility  in  the  fz  andRj- 
directions: 


fx_ 

^6 

Ft 

u 


Kpy  —  CO^M/iy 
Koy  —  COZ  M#y 


si  + 


Koi-cozMAi 

^0%  ~  ^°  2/Teg_ 


■0 


(76) 


*Oy  “  OJZMay  Kj ?M  ' 

}ry  Ho*  - 


HOy  -  C*JZM, 


(77) 


However,  from  Equation  (11),  it  is  seen  that  the  above 
equations  can  be  rewritten  as 


ffl  =  ^  ^ 

fB  '  CT-V  ”  T«0Sf*CW 

It  is  seen  from  the  above  expressions  that  the  transmissi¬ 
bility  in  the  -ft  and  Pj;  directions  is  a  function  of  the 
transmissibilities  of  the  two-dimensional  DAVI  along  the 
DAVI's  principal  axes.  It  is  also  seen  that  motion  of  the 
isolated  body  occurs  at  90°  to  the  input  as  well  as  in 
the  direction  of  the  input. 

The  effective  absolute  amplitude  and  phasing  can  be  deter¬ 
mined  from  the  following  diagram. 


(78) 


(79) 
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Figure  45.  Phasing  and  Absolute  Amplitude  of  the 
Two-Dimensional  Transmissibility 

Calculations  were  done  to  obtain  the  transmissibility  of  the 
two-dimensional  DAVI  Alpha.  Figures  46  through  50  show  the 
result  of  these  calculations,  in  which  the  absolute  trans¬ 
missibility  is  plotted  versus  the  angle  of  input,  resulting 
in  the  polar  plot.  Table  III  gives  the  physical  parameters 
used  in  the  calculations  of  the  nonisotropic  two-dimensional 
DAVI. 

TABLE  III 

PHYSICAL  PARAMETERS  OF  TWO-DIMENSIONAL  DAVI  ALPHA 


Frequency 

Of  Input 
(c.p.s. ) 

Natural 
Frequency 
(c.p.s. ) 

Antiresonant 
Frequency 
(c.p.s. ) 

Figure 

Number 

UJ 

^R.1 

^Ry 

8 

9.3 

6.5 

25 

17.7 

46 

17.7 

9.3 

6.5 

25 

17.7 

47 

25 

9.3 

6.5 

25 

17.7 

48 

30 

9.3 

6.5 

25 

17.7 

49 

25 

16.0 

6.5 

25 

17.7 

50 

Figure  47.  Transmissibility  of  the  Two- 
Dimensional  DAVI  Alpha  Around 
the  Azimuth  for  a  Frequency 
Input  of  17.7  C.P.S. 
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Figure  48. 


Transmissibility  of  the  Two- 
Dimensional  DA VI  Alpha  Around 
the  Azimuth  for  a  Frequency 
Input  of  25  C.P. S. 
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Figure  49.  Transmisslbility  of  the  Two- 
Dimensional  DA VI  Alpha  Around 
the  Azimuth  for  a  Frequency 
Input  of  30  C.P.S. 
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Transmissibility  of  the  Two- 
Dimensional  DAVI  Alpha  Around 
the  Azimuth  for  a  Frequency 
Input  of  25  C.P,S. 


Figure  50 


1 


It  is  seen  in  Figures  45  through  49  that  a  figure  eight- 
type  lissajous  pattern  is  obtained  and  that  the  magnitude  of 
the  transmissibil ity  depends  upon  the  angular  orientation 
of  the  two-dimensional  DAVI  Alpha  to  the  input. 

Design  Criteria 

In  many  applications  it  will  be  desirable  to  so  design  a 
two-dimensional  DAVI  that  the  dynamic  properties  in  one 
direction  will  be  different  from  those  in  an  orthogonal 
direction;  that  is,  for  example,  a  vertical  antiresonant 
frequency  different  from  the  lateral  antiresonant  fre¬ 
quency.  This  can  be  physically  accomplished  in  three 
ways:  first,  the  pivots  can  be  Hooke's  joints  with  non¬ 

intersecting  crossarms  giving  different  pivot  separations 
(r)  in  the  two  principal  directions;  secondly,  the  two 
principal  spring  rates  can  be  different;  and  thirdly,  the 
principal  mass  moments  of  inertia  of  the  bar  can  be  made 
different.  Any  combination  of  these  three  methods  can 
also  be  used. 

The  analyses  have  considered  a  DAVI  in  which  the  principal 
elastic  axes,  the  principal  inertial  axes,  and  the  pivot 
axes  are  parallel.  The  transmissibility  of  the  DAVI  in 
a  principal  direction  is  given  by  the  equations  for  a 
unidirectional  DAVI  Alpha  as  the  principal  axes  are  de¬ 
coupled.  However,  the  transmissibility  in  a  direction 
oblique  to  the  principal  axes  is  a  function  of  the  prin¬ 
cipal  transmissibilit ies  and  the  angle  between  the  prin¬ 
cipal  axes  and  the  direction  under  consideration.  Further, 
there  is  a  response  (vibration)  of  the  isolated  body  in  a 
direction  perpendicular  to  the  direction  of  excitation  when 
the  excitation  is  obliquely  applied  in  a  nonisotropic  DAVI. 
The  response  of  the  isolated  body  to  excitations  of  differ¬ 
ent  frequencies  and  applied  at  various  oblique  angles  is 
obtained  by  summation  of  the  individual  responses  as  the 
Principle  of  Superposition  applies. 


81 


2 

4 


Y 


Figure  51.  Two-Dimensional  DAVI  Alpha 

With  Base  Excitation  Applied 
To  Angle  0  To  Principal  Axis 

In  Figure  51,  2  is  either  one  of  the  two  principal  DAVI 
axes.  The  base  excitation  of  amplitude  is  applied  at 
angle  0  to  the  2  axis.  The  isolated  body  responds  with 
amplitude  in  a  direction  parallel  to  ,  the  excitation, 
and  with  amplitude  in  a  direction  perpendicular  to  the 
direction  of  the  base  excitation.  The  designer,  using  the 
basic  unidirectional  DAVI  equations  or  the  design  charts  - 
Figures  5A  through  IOC  -  will  have  determined  the  principal 
axes'  transraissibilit ies,  and  ,  at  the  frequency 

under  consideration.  He  can  determine  the  transmissibility 
in  an  oblique  direction  using  Equation  (80),  and  he  can  find 
the  "orthogonal  transmissibility"  (  Px/fB  )  using  Equation 
(81).  Equations  (80)  and  (81)  are  simply  nondiraensionalized 
forms  of  Equations  (78)  and  (79). 


82 


(81) 


Equation  (80)  is  plotted  in  Figure  52,  and  Equation  (81)  is 
plotted  in  Figure  53. 

To  illustrate  the  use  of  these  curves,  consider  a  two-dimen¬ 
sional  nonisotropic  DAVI  with  a  transmissibility  of  .40  in 
the  principal  direction  called  2  and  a  transmissibility  of 
.80  in  the  orthogonal  direction  at  the  frequency  in  question. 
This  gives  "T^y  /T<*a  =  2.0  .  First,  let  the  excitation  at 
this  frequency  be  applied  at  an  angle  of  0° or  along  the  2 
axis.  From  Figure  52,  following  the  =  2.0  branch 

of  the  curve  to  the  angle  of  0^  it  is  seen  that  the  trans¬ 
missibility  in  the  direction  of  the  excitation  is  1.0 
or  .40.  From  Figure  53,  following  the  Tc<y  /T^  -  2.0  branch 
of  the  curve  to  the  angle  of  0°,  it  is  seen  that  the  trans¬ 
missibility  in  the  orthogonal  direction  or  the  Y  axis  is 
zero. 

Now  let  the  excitation  at  this  frequency  be  applied  at  an 
angle  of  30°  to  axis  2  .  From  Figure  52,  following  the 
Trfy  -  2.0  branch  of  the  curve  to  an  angle  of  30°,  it 
is  seen  that  the  transmissibility  in  the  direction  of  the 
excitation  is  I.ZfJT^-g.  or  .5.  From  Figure  53,  following 
the  T*y  /Tcx.^  -  2.0  branch  of  the  curve  to  the  angle  30°, 
it  is  seen  that  the  transmissibility  in  the  orthogonal  di¬ 
rection  is  approximately  .  4-3  or  .172. 

If  the  excitation  at  this  frequency  is  applied  at  an  angle 
of  90°  to  the  axis  2  ,  then  from  Figure  52  following  the 
loky/Tcx^  -  2.0  branch  of  the  curve  to  the  angle  of  90°, 
it  is  seen  that  the  transmissibility  in  the  direction  of 
the  excitation  is  2.0  or.  80.  This  is  the  transmissibil¬ 

ity  of  the  principal  axis  along  they  direction.  From 
Figure  53,  following  the  T^y/l^  =  2.0  branch  of  the  curve 
to  the  angle  90°,  it  is  seen  that  the  transmissibility  in  the 
orthogonal  direction  or  J  axis  is  zero. 

These  examples  illustrate  that  in  Figure  52,  the  transmis¬ 
sibility  in  the  direction  of  excitation  varies  between  the 
values  of  transmissibilities  of  the  principal  axes  (  T*y  £  ) 

and  reaches  these  values  at  the  four  cardinal  angles  of  ex¬ 
citation.  In  Figure  53,  the  orthogonal  transmissibilities 
reach  zero  at  the  four  cardinal  angles  of  excitation;  this 
rosette  plot  results  from  the  fact  that  the  principal  di¬ 
rections  are  uncoupled  in  the  equations  of  motion. 
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Test  Fixture 


The  test  fixture  used  for  these  tests  is  essentially  the 
same  as  that  shown  in  Figures  13  and  14.  However,  the 
bronze  bushings  on  the  base  and  isolated  weight  were 
changed  to  allow  for  lateral  translation  as  well  as 
longitudinal  translation.  This  change  is  shown  in  the 
following  schematic. 


Figure  54.  Schematic  of  Weight  on  Test  Fixture 
Allowing  Lateral  Translation 


Lateral  motions  of  +1/8  inch  were  obtainable  before  the 
stops  were  hit. 
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Equipment  and  Procedure 


Figure  55  is  a  photograph  of  the  test  setup  showing  the 
installation  of  the  two  shakers.  In  this  test,  an  MB 
Model  C-ll  electromagnetic  shaker  with  a  force  capability 
of  50  pounds  was  connected  to  the  base  weight  to  excite 
the  longitudinal  response. 

An  MB  Model  S-DA  electromegnet ic  shaker  with  a  force 
capability  of  10  pounds  was  connected  to  the  base  weight 
to  excite  the  lateral  response.  Both  shakers  were  con¬ 
nected  to  a  common  oscillator  so  that  an  exact  frequency 
input  could  be  obtained.  In  one  test,  the  10-pound  shaker 
was  disconnected,  and  the  50-pound  shaker  was  connected  at 
an  angle  of  29°  to  the  longitudinal  axis.  Test  results  were 
also  obtained  by  shaking  in  the  longitudinal  direction  with 
the  lateral  shaker  disconnected,  and  then  by  shaking  in  the 
lateral  direction  with  the  longitudinal  shaker  disconnected. 
Four  MB  velocity  pickups  were  used.  Two  were  attached  lon¬ 
gitudinally  and  laterally  to  the  base  weight  to  obtain  the 
input.  Two  pickups  were  attached  longitudinally  and  later¬ 
ally  to  the  isolated  weight  to  obtain  the  output.  The  output 
of  the  pickups  was  fed  through  filters  to  reduce  the  inherent 
noise  level  from  the  test  fixture  and  then  to  a  Hewlett 
Packard  Model  Scope  for  visual  display.  Data  were  recorded 
manually  from  the  scope,  and  the  transmissibil ity  was  ob¬ 
tained  by  dividing  the  output  readings  by  the  input  readings. 

The  two-dimensional  DAVI  Alpha  model  tested  is  shown  in 
the  test  fixture  (Figure  55).  This  two-dimensional  model 
was  of  similar  design  to  the  unidirectional  DAVI  Alpha 
tested.  The  pivots  were  the  ball  and  socket  type,  allowing 
complete  freedom  of  the  inertia  bar  in  a  plane  perpendicular 
to  the  bar.  Lateral  restraint  was  provided  by  two  metal 
coil  springs  giving  approximately  three-fourths  spring 
rate  as  obtained  in  the  longitudinal  direction.  It  was 
realized  that  friction  in  the  bearings  could  be  a  problem. 
However,  if  good  results  could  be  obtained  from  this  type 
of  configuration,  this  could  be  an  ideal  configuration 
for  isolation  of  large  packages. 
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Figure  55.  Installation  of  Two  Shakers  for 
Dim  isional  DAVI  Alpha  Testing 
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Results 


Figures  57  through  60  show  the  results  of  the  tests.  The 
table  below  gives  the  configurations  tested. 

TABLE  IV 


TWO-DIMENSIONAL  DAVI  ALPHA  TESTS 


Iso¬ 

lated 

Weight 

(Lb) 

DAVI 
Inert ia 
Bar 

Weight 

(Lb) 

R/r 

p/r 

Spring  Rate 
Longi- 

tudinal  Lateral 
(Lb/In. ) (Lb/ In. ) 

Direction 

of 

Exci-  Figure 

tation  Number 

27 

2.25 

2.0 

2.1 

396 

273 

Long . 
only 

57 

27 

2.25 

2.0 

2.1 

396 

273 

Lat . 
only 

58 

27 

2.25 

2.0 

2.1 

396 

273 

Long . 
and  Lat. 

59 

27 

2.25 

2.0 

2.1 

396 

273 

29°  from 
Long . 

60 

7t  is  seen  from  Figure  57  that  with  longitudinal  exci¬ 
tation  only,  the  two-dimensional  DAVI  Alpha  exhibits  the 
expected  results, in  that  a  distinct  resonance  and  anti¬ 
resonance  are  obtained.  At  the  antiresonant  frequency, 
the  93-percent  isolation  obtained  did  not  compare  with 
the  over  98-percent  isolation  obtained  with  ^he  uni¬ 
directional  DAVI  model.  However,  this  was  due  to  the 
spherical  bearings  used  in  the  two-dimensional  model 
which  provided  more  damping. 

The  lateral  response  of  the  two-dimensional  DAVI  Alpha 
with  lateral  excitation  only,  as  shown  in  Figure  58,  is 
much  more  erratic,  and  a  distinct  natural  frequency  was 
not  obtained.  The  reason  for  this  erratic  response  is 
that  the  lateral  shaker  not  only  introduced  a  force  in 
the  system  but  also  moments  about  base  and  isolated  weight 
center  of  gravity,  producing  angular  and  translational 
motions,  thus,  pure  lateral  translation  was  not  obtained. 
However,  the  data  show  a  distinct  antiresonance.  This 
lateral  antiresonant  frequency  is  lower  than  that  obtained 
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for  the  longitudinal  direction  because  of  the  difference 
of  spring  rates  in  these  directions. 

Figure  59  shows  the  results  of  the  simultaneous  longi¬ 
tudinal  and  lateral  excitation,  and  Figure  60  shows  the 
results  of  the  single  excitation  at  29°  to  the  longi¬ 
tudinal  axis. 

Comparing  these  figures  with  those  showing  the  longitu¬ 
dinal  and  lateral  directions  only,  it  is  seen  that  in  the 
longitudinal  direction,  almost  identical  results  were  ob¬ 
tained;  thus,  the  transmissibility  of  the  two-dimensional 
DAVI  Alpha,  along  its  longitudinal  principal  axis,  was  not 
affected  by  the  type  of  input. 

In  the  lateral  direction,  the  antiresonant  frequency  was 
not  affected  by  the  type  of  input  which  is  to  be  expected. 
However,  the  transmissibility  along  the  lateral  principal 
axis  of  the  two-dimensional  DAVI  Alpha,  above  the  anti¬ 
resonant  frequency,  was  erratic.  This  is  attributed  to 
angular  motion  of  the  system  introduced  by  the  lateral 
forcing  and  the  29°  offset  excitation  producing  moments 
about  the  base  and  isolated  weight  center  of  gravity. 

Correlat ion 

Since  the  transmissibil it ies  were  obtained  about  the  lon¬ 
gitudinal  and  lateral  principal  axes  of  the  two-dimensional 
DAVI  Alpha,  it  is  only  necessary  to  calculate  the  trans¬ 
missibility  along  the  principal  axes  of  the  two-dimensional 
DAVI  Alpha.  The  physical  parameters  used  in  the  theoretical 
analysis  are  shown  in  Table  IV.  The  amount  of  damping  used 
in  the  analysis  is  ^A-.o55.  The  analytical  results  ob¬ 
tained  are  shown  in  Figures  57  and  58.  It  is  seen  that 
the  test  and  analytical  results  of  two-dimensional  DAVI 
Alpha  agree  quite  well  along  the  longitudinal  principal 
axis.  However,  in  the  lateral  direction,  there  are 
discrepancies  between  the  analytical  and  test  results. 

This  discrepancy  is  possibly  due  to  the  rotation  of  the 
system  which  occurred  in  testing  but  was  not  accounted 
for  in  the  theoretical  results. 
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Figure  57.  Longitudinal  Response  of  1'wo-  Dimens  iona  1  I)AVI 
Alpha  With  Longitudinal  Excitation  Only 
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SERIES-TYPE  DAVI 


The  analysis  and  tests  on  the  unidirectional  and  two- 
dimensional  DAVI  Alphas  have  shown  the  capability  of  low- 
frequency  isolation  and  of  obtaining  an  antiresonant  fre¬ 
quency  that  is  not  affected  by  the  weight  of  the  isolated 
item.  However,  this  system  approaches  a  finite  value  of 
Isolation  at  high  frequency  which  could  be  a  disadvantage 
for  some  applications.  A  series  system  can  be  designed 
to  obtain  high-frequency  isolation  approaching  zero  and 
retain  the  advantages  of  the  DAVI  Alpha.  These  series 
DAVI's  are  shown  in  the  following  schematics. 


A  -  DAVI  Beta 


Figure  61.  Series-Damped  DAVI 


ANALYSIS 
DAVI  Beta 


The  DAVI  Beta  is  an  incorporation  of  the  DAVI  Alpha  and 
conventional  isolation  systems.  The  mass  to  be  isolated 
is  supported  by  the  DAVI  Alpha  part  of  the  system  which, 
in  turn,  is  supported  by  the  base-connected  conventional 
isolator.  A  schematic  of  the  DAVI  Beta  is  shown  in 
Figure  62. 
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Figure  62  .  DAVI  Beta 

From  the  above  figure,  the  following  energy  equations 
can  be  derived  : 


r=  4  ++ 

V~ZKo  +  f-  ks  (zs  -  Ha) 

D  =  2  CD(ix-isf  +ics(zs -zgf 


(82) 

(83) 

(84) 


Substituting  Equations  (4)  and  (5)  into  Equation  (82), 
Equation  (82)  becomes 

T-{nt  i  *  i5  (?)-zr( §-/)] 

+lns h/  (as) 

Applying  Lagrange's  equation,  the  equations  of  motion 
become 


[mz + T-*]*r 

-["M-r-0  +  -  C°  z  ° 


(86) 
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'  +(ct>+cs)  4  +(Ka  ^s)  %  -  Csis+Ks  it 

icot 


Assuming  a  solution  of  the  form  2  -iF0  q 
letting 


(87) 
,  and 

Ma  « t%m-d+  r* 

nR  -  nr  +  Mt>( f  ~/)z+  ^ 

AV  =  ns  *-(%[ f^+^i 

the  equations  may  be  written  in  matrix  form  as  follows: 

(^icuCo-M^w1) 


(kd^Lc  j(KD+Ksy  i^(c0+Cj)  -r^oj  j 


O 


fa<<oCs)z 


Bi 


(88) 


Using  Cramer's  rule,  and  solving  the  above  matrix  for 
t£_  ,  the  DAVI  Beta  transmissibility  equation  is 


71  = 


[*t  (K^nd-^sC^ +iuj[(Ka-^  oS)cs  ^  Co  ^ 


(89) 
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where 


=  [r^R(KStK»)’'2MAK0  +  MT^Di'C'D^t]c^< 

+  KDKS^-  "  2  I^VOdJ^ 

-  [CoKs^CjKe]^] 


(90) 


Equation  (90)  is 
of  the  DA VI  Beta 


the  characteristic  frequency  equation 


The  transmissibility  equation  of  the  DAVI  Beta  can  be 
nondimensionalizt d  by  letting 


(antiresonant  frequency  of  the  DAVI) 


where 

CA=  2tV*,A 
Cc=  2Mr<Os 


a 


= 


Ms 

Ms 


(natural  frequency  of  the  conven¬ 
tional  system) 


(%  damping  at  antiresonance) 

(%  critical  damping  of  the  con¬ 
ventional  system) 


(mass  ratio  of  DAVI  inertia  bar 
mass  to  isolated  mass) 


(ratio  of  intermediate  mass  to 
isolated  mass) 


Substituting  the  above  in  Equation  (89)  f  the  transrnissi— 
bility  of  the  DAVI  Beta  can  be  written  in  the  following 
form; 


_  A  +  tB 

&  c  +  £  & 


(91) 


and  the  absolute  magnitude  of  the  transmissibility  is 


100 


The  denominator  of  the  t ransmissibility  equation  is  the 
damped  natural  frequency  equation  of  the  DAVI  Beta.  It  is 
seen  that  if  -O  (zero  damping  across  the  DAVI),  damped 
natural  frequencies  still  occur,  and  the  amplitude  at 
resonance  can  be  controlled.  However,  in  the  numerator 
with  0  >  100-percent  isolation  can  be  obtained.  Also, 

when  ~ <5°,  the  transmissibility  approaches  zero. 

Thus,  a  DAVI  Beta  can  be  designed  to  give  approximately 
100-percent  isolation  at  a  discrete  frequency,  to  have  con¬ 
trolled  resonant  amplitudes,  and  to  give  high-frequency 
isolat ion. 

Since  the  DAVI  Beta  can  be  designed  to  give  high-frequency 
isolation,  a  comparison  is  made  cf  the  high-frequency 
isolation  of  the  DAVI  Beta  and  a  conventional  system.  This 
comparison  is  made  on  the  undamped  transmissibility  equations. 
The  undamped  transmissibility  equation  of  the  DAVI  Beta  is 


evA  u>£j 


vA/Mr  )u)A«  4 


Mm 


(97) 


However , 


Therefore,  the  transmissibility  equation  can  be  rewritten 
as 


10] 


The  undamped  transmissibility  equation  of  a  conventional 
system  is 


(99) 


For  an  equivalent  conventional  system  having  the  same  over¬ 
all  spring  rate  as  the  DAVI  Beta,  the  natural  frequency  is 


KtK„ 

(Kri-K0)t\ 


Ks  +  K& 


(100) 


Using  the  above  relationship,  Equation  (99)  can  be  re¬ 
written  as 


(101) 


A  ratio  of  the  transmissibilities  is  then  obtained  by 
dividing  the  DAVI  Beta  transmissibility  Equation  (98)  by 
the  equivalent  convent  .onal  transmissibility  Equation 
(101)  ,  resulting  in  the  following  equation; 


(102) 


where 


[i§)\ 


Z 

+ 


102 


To  compare  at  very  high  frequency 
and  denominator  by  co^/co^  and  let 
then  becomes 


,  divide 

cu/coA  — *. 


the 

oO 


numerator 
;  the  ratio 


JVHF  _ 


VHF 


(103) 


For  comparison  and  approximate  design  purposes  iPt  tho 

bar  be  that 


H>-r 


3 


Jt  — 


l 


B  -  Negative  R 
Figure  63.  Schematic  of  Thin  Rod  Inertia  Bar 

From  Figure  63A,  it  is  seen  that  for  a  positive  K>  th.t 
gives  a  value  of  R/r  >05  t  R  that 

-  -  2R  ,  and  since  for  a 

straight  rod  . , 

a  positive  f°r  the  DAVI  bar  with 
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From  Figure  63B  ,  it  is  seen  that  for  a  positive R that 
gives  a  value  less  than  .5  or  for  a  negative^, 

and,  therefore,  P2/*7-  -5O*"  ^0  , 
in  which  the  actual  value  and  not  the  absolute  amplitude 
of  ^  should  be  used.  Therefore,  two  equations  are  ob¬ 
tained  from  Equation  (103) . 

For  values  of  sr  0. 5 ,  then 

y. 


(104) 


It  is  seen  from  the  above  equations  that  a  conservative 
approximation  can  be  obtained  by  letting  y/  xO  ;  and  since 

-&(&<  ...  , 

tne  equations  can  be  rewritten  as  3  -* 


VHP 


-  (i*  £X-  r&) 

3  r 


(106) 


for  E-  =  0.5 
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(.+  £X*H)(S-) 

(ll-i)f-i(VO 


(107) 


for  R.  <o.5. 

It  is  seen  from  the  above  equations  that  at  very  high  fre¬ 
quency,  the  comparison  of  the  DAVI  Beta  with  an  equivalent 
system  is  primarily  a  function  of  the  R/r  and  Ks/Kd  ratios. 
Calculations  were  done  varying  R/lr  from  +10  to  -10  and  varying 
the  spring  rate  ratio  (Ks/Kp  )  from  .2  to  5.  The  results 
of  these  calculations  are  shown  in  Figure  65. 

It  is  seen  from  this  figure  that  a  DAVI  Beta  can  be  designed 
to  give  much  better  high-frequency  isolation  than  a  con¬ 
ventional  system  of  equivalent  stiffness.  However,  a  posi¬ 
tive  R/r  is  required,  which  should  be  as  small  as  possible, 
and  the  spring  ratio  Ks/lCp  should  also  be  as  small  as  possi¬ 
ble;  that  is,  the  spring  rate  across  the  DAVI  should  be 
much  stiffer  than  the  spring  rate  in  the  series  system. 

A  negative  R/V'  will  always  give  high-frequency  isolation 
that  is  less  than  the  conventional  system. 

DAVI  Gamma 

As  in  the  DAVI  Beta,  the  DAVI  Gamma  is  a  combination  of 
the  DAVI  Alpha  and  a  conventional  isolation  system.  How¬ 
ever,  in  the  DAVI  Gamma,  the  mass  to  be  isolated  is  supported 
by  the  conventional  system  which,  in  turn,  is  supported 
by  the  DAVI  Alpha  part  of  the  system.  A  schematic  of  the 
DAVI  Gamma  is  shown  in  Figure  64. 


Figure  64.  DAVI  Gamma 
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Comi 


From  Figure  64, 
derived  : 


the  following  energy  equations  can  be 


T  =  g  +  £  /%  Z*  +  g  Ms  ^  I  9  Z 

V  =  i.  fes  -2B)*+±  /<s(zx  -2S)Z 

0~- 


Substituting  Equations  (4)  and  (5^ 
Equation  (108)  becomes 


into  Equation 


(108) 

(109) 

(110) 
(108), 


equations^! 'motion  IT'™"  *°  the  ener^  equations,  the 


**** 'x+CrZz  -  QSZS  -Ks  Zjr  =  0 


(112) 


l^j 2s  /-^ecj?s  +(Ks+*p)zs 

-CSZ r-^i,  =  fa  +  Ze + Q, iBt-Kp?:g  (n3) 


^ltiigS  a  solution  °f  the  form  H  =  7e‘~‘  and 


^4-^  I  (?-')+ 7* 

s  fife 

the  equations  may  be  written  in  matrix  form  as 
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(Kj+UoCs-MiO)*)  -(.Kj+uoCj) 

-(Ks+CuCs)  [kj+  K^Uofe*0-M^«i 


^♦CtuCo-M^Zg 


014) 


transmiss ibil ity  Is*  ^  for  . 

r>,=  kZ  (rK*^K°^*^'^C^^+^^(^^*)+k'sc^|^iIfl'Ra)< 

-  (*r«s  +Mr  Ks  + Vi  +CdQz)wz+KisKsJ+  ituPfc^/^ 

+  Zl>t1t+Cs^)(t,*-i.(csKJ>i-Cl>Ks)])  (us, 

Ea^tiontnf51thethel?tl0nShipS  f°und  on  99  ln*° 

caQn  be  ^  Gamraa 

A  /  D 


A+cB 
*  =  C+iO 


(116) 


71  - 

/  A*+3Z 

'  CZ+DZ 

(117) 

where 

> 

H 

*N*»N 

1 

A  *  r  CeJZ 

“>a)~4\%60.  COf 

(118) 

-*%[%§,('- %ht,  §f/ 
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The  denominator  of  the  transmissibility  equation  is  the 
damped  natural  frequency  equation  of  the  DAVI  Gamma.  As 
in  the  DAVI  Beta,  it  is  seen  that  if  o  ,  damped 
natural  frequencies  still  occur  and  the  amplitude  at 
resonance  can  be  controlled.  However,  in  the  numerator 
with  ^sO,  100-percent  isolation  can  be  obtained.  When 

oo/u>*  - *  oo  ,  the  transmissibility  approaches  zero. 

Therefore,  as  in  the  DAVI  Beta,  the  DAVI  Gamma  can  be  de¬ 
signed  to  give  approximately  100-percent  isolation  at  a 
discrete  frequency,  to  have  controlled  resonant  amplitudes, 
and  to  give  high-frequency  isolation. 


A  comparison  is  made  of  the  high-frequency  isolation 
of  the  DAVI  Gamma  and  an  equivalent  conventional  system. 
This  comparison  is  made  on  the  undamped  transmissibility 
equations.  The  undamped  transmissibility  equation  of  the 
DAVI  Gamma  is 


However,  /*/ 

m' 


= 


g] 


Therefore,  the  undamped  transmissibility  equation  of  the 
DAVI  Gamma  can  be  rewritten  as 


rf  = 


-  [%l  (^S  £  +0 
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A  ratio  of  the  transraissibilities  is  obtained  by  dividing 
the  DA VI  Gamma  transraissibility  by  the  equivalent  conven¬ 
tional  transmissibility,  Equation  (101).  This  results  in 


E  [($-!)%  g] 

F  -  £'*)*+£ ]+  (?-!)+ f*] 

<*• 

A 

To  compare  at  very  high  frequency,  divide  the  numerator 
and  denominator  by  and  let  Co/cjO^  — *■>  oo  ;  the  ratio 

then  becomes 


Tc 

CVHF 

JfoF  W*  5 

(125) 
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It  is  seen  from  the  above  equation  that  at  very  high  fre¬ 
quency,  the  comparison  of  the  DAVI  Gamma  is  a  function  of 
Ks'Kq  and  R./r  rat  ios;  and  since 

it  is  also  seen  to  be  a  function  of  the  high-frequency 
isolation  of  the  DAVI  Alpha  without  the  isolated  mass. 

In  order  to  make  a  similar  comparison  as  in  the  DAVI  Beta, 

let^»o  and  make  the  inertia  of  the  bar  the  same  as  that 

given  on  pages  103  and  104.  Therefore,  Equation  (125)  is, 

for  &  >  o.S, 
r 


0+ 


§i*J 


(126) 


1,  for  £  ^  O.S, 
*  v- 


VHP 

^Cvhf 


('+fe)[?(g-H(-ffl 

'  [d-O^xo-sfj 
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Calculations  were  done  varying  R/r  from  +10  to  -10  and 
varying  the  spring  rate  ratio  (K5/Ki>)  from  .2  to  5.  The 
results  of  these  calculations  are  shown  in  Figure  66.  It 
is  seen  from  this  figure  that  a  DAVI  Gamma  can  be  designed 
to  give  much  better  high-frequency  isolation  than  a  con¬ 
ventional  system  of  equivalent  stiffness.  However,  an 
R/y  =  0.2  is  required,  and  the  spring  ratio,  K5/Kc»  , 
should  be  as  small  as  possible;  a  positive  R/rr'-Owill 
always  give  high-frequency  isolation  that  is  less  than  a 
conventional  isolator  of  the  same  stiffness. 

DAVI  Delta 

Another  type  of  DAVI  that  can  obtain  high-frequency  iso¬ 
lation  approaching  zero  and  retain  the  advantage  of  the 
simple  DAVI  Alpha  in  having  an  antiresonant  frequency  is 
the  DAVI  Delta.  Figure  67  gives  a  schematic  of  the  DAVI 
Delta. 
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Comparison  of  the  DAVI  Gamma  With  a  Conventional 
Isolator  for  High-Frequency  Isolation 


Figure  67.  Schematic  of  DAVI  Delta 
From  Figure  67,  the  energy  equations  can  be  derived: 

T-itfir* t"  (128) 

V  -  zKpfef  fee'2?)2 ^  2 N** ^ (129) 

D=^cJ er -*sfiiCTPfii-iPf+kcn(iP-iS  (iso) 

However, 

2f»  *  Z#-t-e  J  z0=  2e*(R-r)e 

Therefore,  the  above  energy  equations  may  be  rewritten  as 
T  =  ~  2  (131) 

+  (132) 

0=  "5  Co(^x“2p)  (133) 

Applying  Lagrange’s  equation,  the  equations  of  motion 
become 

113  C X0  +  ^xp)  ?g  +  (Cpi-Cj?)  Bg 


[r^M*(R-n)*]0  <r(czpr*+cnr*)e  +  («iPr^«parz)d 

+*v>rt*x  =  KJpr2B+Cxr>f-£B  ~"^pCR^)Zs 

Assuming  a  steady-state  solution  of  the  form  e  ^ 

the  equations  become,  in  matrix  form. 


<srt<W'r‘J 


(136) 


Using  Cramer's  rule,  the  transmissibility  of  the  DAVI 
Delta  becomes 


A  +  160B 
C  +  lcoD 


(137) 


where 

A « (138) 

Bm  (139) 

+  fc*»(c£'^+Vw]^‘o1  +  I'Vo4  (140) 

D  *  [C«  («?  O  ♦  ^  (^n"  ‘Vb)  +C&  (K#+  K„)| 

»here  ’■^R^'l"CpSMI+CDMR]iiJZ'  (141) 

MA= 

<- £1 


It  is  seen  from  the  above  equations  that  the  numerator  is 
not  a  function  of  the  mass  of  the  isolated  item.  It  is 
also  seen  from  the  above  equations  that  it  is  difficult  to 
obtain  an  antiresonant  frequency  by  making  the  values  of 
A  and  8  zero  at  a  discrete  frequency  because  of  the  many 
variables  involved.  However,  one  possible  advantage  of  the 
DAVI  Delta  is  that  zero  deflection  of  the  jnertia  bar  is 
obtained  under  static  load.  This  can  be  accomplished  by 
letting  KXp  =  O  .  Therefore,  there  is  no  spring  connection 
between  the  isolated  weight  and  the  inertia  bar;  thus,  there 
will  be  no  deflection  in  the  bar  under  a  static  load.  Fur¬ 
ther,  let  C0 - o  and  CPB  ~  O  .  The  transmiss ibil ity  equation 
(137)  reduces  to 

T*  ’  CK„X"1XK0-HIwA)+iluCu,[K,»KpB-(iV-M“)a>i]  (142) 


It  is  seen  from  the  above  equation  that  if  the  damping  is 
zero,  the  above  equation  reduces  to 


K0-Mra>* 


(143) 


which  is  the  transmissibility  equation  of  an  undamped 
conventional  isolator. 


When  the  damping  is  infinite,  the  equation  reduces  to 


(144) 


which  is  the  transmissibility  of  the  DAVI  Alpha  system. 


It  is  also  seen  from  Equation  (142)  that  with  damping,  an 
antiresonant  frequency  can  be  obtained  that  is  not  a 
function  of  isolated  mass,  and  that  damped  resonances 
are  obtained.  In  order  to  obtain  the  antiresonant  fre¬ 
quency,  the  real  and  imaginary  parts  of  the  numerator 
must  become  zero  at  the  same  frequency.  The  real  part 
of  the  numerator  is  zero  when 


yPB 


M> 


a 


(145) 
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and  the  imaginary  part  becomes  zero  when 
rjz.  _ 

Therefore,  to  obtain  the  antiresonance, 
^\pg  _  ^ D  ^ ' PB 

~vf  =  ~A 

and  solving  for  KpB  , 


(146) 


// 


Kpg  - 


Wp  Kp 

Ma 


(147) 


Substituting  the  values  of  Mfr  and  ^in  Equation  (147), 
it  becomes 


(148) 


It  is  seen  that  the  above  relationship  must  be  maintained 
to  obtain  an  antiresonant  frequency.  Although  a  zero 
static  deflection  can  be  maintained  on  the  inertia  bar 
of  the  DAVI  Delta,  the  antiresonant  frequency  does  not 
have  the  simple  relationship  that  the  DAVI  Alpha,  Beta, 
or  Gamma  has.  In  order  to  change  the  antiresonant  fre¬ 
quency  of  the  DAVI  Delta,  the  ratio  of  the  spring  rates 
must  also  be  changed.  The  DAVI  Delta,  therefore,  does 
not  have  the  versatility  in  simple  tuning  of  the  anti¬ 
resonant  frequency  that  the  other  DAVI  configurations  have. 

COMPARISON  OF  DAVI  BETA  AND  GAMMA 


High-Frequency  Comparison 

As  was  done  in  the  comparison  of  the  DAVI  Beta  and  Gamma 
with  the  high-frequency  isolation  of  the  conventional  iso¬ 
lator,  a  similar  comparison  can  be  made  of  the  DAVI 
Beta  and  Gamma  at  high  frequency.  Dividing  the  high-fre¬ 
quency  transraissibility  equation  (103)  of  the  DAVI  Beta 
by  the  high-frequency  transmissibility  equation  (125)  of 
the  DAVI  Gamma  results  in  the  following: 
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Assuming  a  straight,  thin  rod  for  the  inertia  bar  as  was 
done  previously,  then  for  R./V  =  0. 5  ,  the  above  equation 

becomes 


X 

“VHP 


(150) 


and  for  R/r  <;  0.5, 


"^VHF 


(151) 


Calculations  were  done  using  the  above  two  equations.  Cal¬ 
culations  were  made  for^/s  =  O  and  for  R/y  r  \0  \o  -10. 

The  results  of  these  calculations  are  shown  in  Figure  68. 

It  is  seen  from  Figure  68  that  the  DAVI  Beta  gives  better 
high-frequency  isolation  than  the  DAVI  Gamma  for  Rfr ?  OS  and 
that  the  DAVI  Gamma  gives  better  high-frequency  isolation 
than  the  DAVI  Beta  for  R/Y  <0.5  . 

Invariant  Point 

From  Equation  91,  it  is  seen  that  the  DAVI  Beta  transmissi- 
bility  equation  can  be  written  in  the  form  of 


(152) 


arison  of  DAY 


For  -  O 
rewritten  as 


(*T -  ^ 


and  ^  r  O 

a2  ^  fee*1 


,  the  transmissibility  may  be 


where 


4  %ti‘ 


(153) 


A  '  «*?'  (154) 

r>‘  __  ^  ft  — 

^  (155) 

c  *1— tp% - fe 

COA  C*\  V  j  (157) 

and  the  transmissibility  will  be  independent  of  the  damping 
across  the  series  element  when  A/C  3'/0‘  ,  or 


(154) 


(155) 


(156) 


fs£  _  Vh 

_ ^  V  / _ 

l  fa 


(i  - 

0  -Q*«0 
V  60/  / 


(158) 


It  is  seen  from  the  above  equation  that  one  invariant 
point  occurs  at  the  antiresonant  frequency  of  the  DAVI 
Beta.  Disregarding  this  trivial  point,  first  using  the 
negative  sign.  Equation  (158)  becomes 

U(g>g)+«?£W  J  y S - Q  (159) 

/VMx  ujZ  *}*a  «i,  % 

which  gives  two  invariant  points. 

Using  the  positive  sign  of  Equation  (158),  Equation  (158) 
becomes 


mV/; 

Ma/»z 


£-=>*- --  o 

A  ^ 


(160) 
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Disregarding  the  trivial  case  of  cdz/ooA  =  O  , 
invariant  point  is  obtained.  Substituting  that 
MA/Mr  [«($.,)+  jorj  into  Equation  (160), 

Equation  (1G0)  becomes  J 


eof  -  FW~  A- 

A  LrI+  T*J  rz 

(161) 

An  inspection  of  Equation  (103)  shows  that  Equation  (161) 
can  be  rewritten  as 

(jJ^  ( /  +  T&VHF 

"a"  +  7&)1***  (162) 


From  this  equation,  it  is  seen  that  if  an  efficient  DAVI 
Beta  is  designed,  that  is,  if  the  high-frequency  isolation 
of  the  DAVI  Beta  is  much  better  than  the  conventional  sys¬ 
tem,  this  invariant  point  will  always  be  less  than  the 
antiresonant  frequency. 


As  in  the  DAVI  Beta,  the  transmissibility  of  the  DAVI  / 
Gamma  will  be  independent  of  the  damping  when  A/C  B'Jd'  , 
where  for  the  DAVI  Gamma,  when  s  O  and  A  -  C>  , 


(163) 

(164) 


(165) 


)*?7 


Therefore,  the  invariant  points  may  be  obtained  from 
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It  is  seen  from  the  above  equation  that  one  invariant 
point  occurs  at  the  antiresonant  frequency  of  the  DAVI 
Gamma.  Disregarding  this  trivial  point,  first  using 
the  negative  sign.  Equation  (167)  becomes 


7%COa«  "/ ZOJ* ( fiA  MjMt) +  7 “f 


O 


which  gives  two  invariant  points. 


(168) 


Using  the  positive  sign  of  Equation  (167),  Equation  (167) 
becomes 

K  cv«  cu  *• 

“  tuf  ~  °  (169) 


Disregarding  the  trivial  case  oi  oF/cu*  =  Q  ,  one  invariant 
point  is  obtained.  Making  the  sut$st itut ion  in  Equation 
(169)  that  Jpi]  with-*£  =  0  and 

that  WA/Wr  ,  then  Equation  (169) 

becomes  r  J 


OJZ_  [ 

h£r 

*] 

^>a' 

(?-)* 

1 

An  inspection  of 
can  be  rewritten 


Equation 

as 

_  _ 
«£  ~ 


(125)  shows  that  Equation 

Tg 


From  this 
signed  to 
vent ional 
less  than 


Tr  ft 


5s  ^ 


.  kd 

equation,  it  is  seen  that  if  a  DAVI  Gamma 

give  better  high-frequency  isolation  than 
isolator,  this  invariant  point  will  always 
the  antiresonant  frequency. 


(170) 
(170) 

(171) 

is  de- 
a  con- 
be 
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In  order  to  obtain  the  effects  of  damping,  the  transmissi- 
bility  was  obtained  for  both  the  DAVI  Beta  and  the  DAVI 
Gamma  for  the  configurations  given  in  Table  V. 


TABLE  V 


DAVI  BETA  AND  GAMMA  PARAMETERS 


OJsM 

Ks/Ko 

R/r 

.  129 

.5 

1.0 

.3333 

.10 

.129 

.5 

.0 

.3333 

.10 

The  calculations  were  done  for  a  range  of  damping  (  ~fs  ) 
from  0  to  .10  in  increments  of  .025.  The  results  of  these 
calculations  are  shown  in  Figures  69  through  72. 

It  is  seen  from  these  figures  that  damping  is  very  effective 
in  reducing  the  amplitude  of  the  second  resonance  in  both  the 
DAVI  Beta  and  the  DAVI  Gamma.  With  fs  ~  •OZS'  ,  isolation  is 
obtained  at  the  second  resonance  in  all  cases  calculated. 

For  the  DAVI  Beta  and  the  DAVI  Gamma  in  which  the  two  res¬ 
onances  occur  below  the  antiresonant  frequency,  the  optimum 
damping  is  £  =  and  when  the  antiresonance  occurs  be¬ 

tween  the  resonant  conditions,  the  optimum  damping  is  ^  -.050 . 
It  is  also  seen  in  both  the  DAVI  Beta  and  the  DAVI  Gamma  that 
when  the  two  resonances  are  below  the  antiresonance,  better 
high-frequency  isolation  is  obtained  than  when  the  antireso¬ 
nance  is  between  the  resonances. 

TEST 

DAVI  Beta 


Equipment  and  Procedure 


The  test  fixture  used  for  these  tests  is  shown  in  Figures 
13  and  14.  Original  testing  for  the  DAVI  Beta  was  done 
utilizing  an  MB  Model  S-DA  electromagnetic  shaker  with  a 
force  capability  of  10  pounds  connected  to  the  base  weight. 
Two  MB  velocity  pickups  were  attached  to  the  input  and 
isolated  weights.  The  output  of  the  pickups  was  fed  to 
an  MB  vibration  meter,  and  the  results  were  manually  recorded. 
Results  using  this  procedure  were  very  poor  in  that  good 
correlation  was  obtained  in  the  low-frequency  range,  but 
high-frequency  isolation  was  very  poor.  It  was  determined 
that  the  cause  of  these  results  was  an  inherent 
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TRANSMISS IBILITY 


TRANSMISS IBILITY 


TRANSMISS IBILITY 


TRA  NSMISS IB ILITY 
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Ant iresonance  Between  the 
Rcsona nces 
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noise  problem  in  the  rig  due  to  rotation  of  the  shafts  and 
gear  noise.  In  order  to  eliminate  this  problem,  an  MB 
Model  C-ll  electromagnetic  shaker  with  a  force  capability 
of  50  pounds  was  used  to  make  the  actual  response  to  noise 
level  larger.  Filters  were  also  designed  to  attenuate  the 
noise  level.  Data  were  recorded  manually  from  readings  made 
on  a  Hewlett  Packard  Model  Scope.  The  following  table  gives 
the  configurations  tested. 


TABLE  VI 

DA VI  BETA  CONFIGURATIONS  TESTED 


Iso¬ 

lated 

Weight 

(Lb) 

Percent 

Damping 

DAVI 

Inertia 

Bar 

Weight 

(Lb) 

Spr  ing 
Rate 
(Lb/In.) 

R 

(In.  ) 

r 

(In.  ) 

P 

(In. ) 

Fig. 

No. 

Ks  K0 

27 

.016 

.01 

.9 

396 

428 

+3.0 

2.0 

2.58 

75 

27 

.050 

.01 

.9 

396 

428 

3.0 

2.0 

2.58 

76 

27 

.117 

.01 

.9 

396 

428 

3.0 

2.0 

2.58 

77 

27 

.016 

.01 

2.25 

396 

428 

4.20 

2.00 

2.435 

78 

27 

.050 

.01 

2.25 

396 

428 

4.20 

2.00 

2.435 

79 

27 

.  117 

.01 

2.25 

396 

428 

4.20 

2.00 

2.435 

80 

27 

.016 

.01 

2.25 

396 

450 

2.95 

1.00 

1.92 

81 

27 

.050 

.01 

2.25 

396 

450 

2.95 

1.00 

1.92 

82 

27 

.117 

.01 

2.25 

396 

450 

2.95 

1.00 

1.92 

83 

27 

.016 

.01 

2.25 

396 

484 

3.  68 

.76 

2.30 

84 

27 

.050 

.01 

2.25 

396 

484 

3.68 

.76 

2.30 

85 

27 

.117 

.01 

2.25 

396 

484 

3.68 

.76 

2.30 

86 

The  DAVI  Beta  model  that  was  used  in  the  tests  is  shown  in 
Figures  73  and  74.  It  is  seen  from  these  figures  that  the 
model  used  was  the  same  DAVI  used  in  the  DAVI  Alpha  uni¬ 
directional  testing.  The  series  element  was  the  spring 
rates  of  another  DAVI  unit  with  the  inertia  bar  and  pivots 
removed.  Since  compressive  coil  springs  were  used  in  the 
series  element,  these  coil  springs  gave  minimum  damping. 

A  Sesco  Model  Rotary  Damper  was  used  to  control  the  amount 
of  damping  across  the  series  element. 
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Results 


In  these  series  of  tests,  four  different  configurations 
were  tested,  each  having  three  different  values  of  damping 
across  the  series  element.  The  main  purpose  of  this  testing 
was  to  determine  the  effects  of  damping,  especially  on  the 
transmissibility  of  the  upper  natural  frequency. 

It  is  seen  from  the  following  table  and  Figures  75  through  86 
that  the  results  of  the  test  were  as  expected  -  that  the 
increased  damping  did  reduce  the  tra nsmissibilit ies  at  the 
natural  frequencies,  that  the  antiresonant  frequency  was 
not  affected  by  the  magnitude  of  damping,  and  that  high- 
frequency  isolation  was  obtained.  It  is  seen  in  the  first 
three  figures  that  with  only  1.6-percent  critical  damping, 
the  transmissibility  at  the  higher  natural  frequency  was 
only  .3.  With  the  damping  increased  to  5  percent  and  11.7 
percent  critical,  the  second  natural  frequency  appears  to 
be  virtually  eliminated. 


TABLE  VII 

SUMMARY  OF  DAVI  BETA  TEST  RESULTS 


Mode 

Ant ireso 

na  nee 

Natural 

Natural 

Frequency 

Freque ncy 

Frequency 

Fig. 

(c.p.s. ) 

Trans. 

(c.p.s. ) 

Trans, 

(c.p.s. ) 

Trans. 

No. 

8.0 

55.0 

37.0 

.3 

40.0 

.015 

75 

11.0 

26.0 

- 

- 

41.0 

.010 

76 

10.0 

84.0 

- 

- 

42.0 

.005 

77 

8.0 

30.0 

22.0 

.36 

20.0 

.037 

78 

9.8 

7.5 

26.0 

.26 

20.0 

.010 

79 

10.0 

9.0 

25.0 

.31 

20.0 

.0065 

80 

8.0 

32.0 

16.0 

1.8 

14.0 

.003 

81 

9.4 

5.0 

19.0 

1.7 

14.0 

.002 

82 

9.4 

14.0 

20.0 

.95 

14.0 

.0065 

83 

7.2 

10.7 

12.0 

22.0 

8.6 

.030 

84 

7.6 

6.5 

13.0 

2.0 

8.6 

.010 

85 

7.6 

5.6 

12.2 

1.7 

8.6 

.015 

86 
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Correlation 


The  analytical  and  test  results  were  correlated.  The  analy¬ 
tical  results  are  plotted  in  Figures  75  through  86.  It  is 
seen  that  in  all  cases,  the  analytical  predictions  compare 
favorably  with  the  test  results.  Excellent  correlation  is 
obtained  with  the  minimum  amount  of  critical  damping.  Poorer 
correlation  is  obtained  with  the  higher  amounts  of  critical 
damping,  in  that  the  natural  frequencies  are  not  predicted 
as  well.  This  is  apparently  due  to  the  fact  that  in  testing 
for  the  lowest  critical  damping,  the  damper  arm  across  the 
series  element  was  not  attached;  whereas  for  the  higher 
critical  damping  configuration,  the  damper  arm  was  attached, 
and  a  higher  effective  spring  rate  in  the  series  element  was 
obtained.  This  apparent  increase  in  spring  rate  was  not 
taken  into  effect  when  the  analytical  results  were  calculated. 
It  is  int. resting  to  note  that  this  effective  change  in  spring 
rate  did  not  affect  the  antiresonant  frequency  as  shown  by 
the  test  results. 

DAVI  Gamma 


Equipment  and  Procedure 


The  test  equipment  and  procedure  in  this  series  of  tests 
were  identical  to  those  used  in  the  DAVI  Beta  testing.  The 
model  was  identical  to  that  used  in  the  DAVI  Beta  except 
that  the  series  element  and  DAVI  element  were  reversed, 
such  that  the  series  element  and  damper  were  between  the 
isolated  weight  and  the  DAVI  Alpha. 

Results 


In  this  series  of  testing,  four  different  configurations 
were  tested,  each  having  three  different  values  of  damping 
across  the  series  element.  The  amount  of  damping  was 
identical  to  that  used  in  the  DAVI  Beta  testing.  As  in 
the  DAVI  Beta  testing,  the  main  purpose  of  this  testing 
was  to  determine  the  effects  of  damping,  especially  on 
the  transmissibil ity  of  the  upper  natural  frequency. 

Table  VIII  gives  the  configurations  tested. 
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TRANS MISS  IB ILITY 


1  1.5  2  3  4  6  8  10  15  20  30  40  60 


FlU.gUrNCY  C.P.S. 


Figure  75.  Analytical  and  Experimental  Response 

Turves  of  the  DA VI  Beta  With  ^ s  .016 

a  nd  ^  1 . 5 

r 
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TRANSMISS IB ILITY 


TRANS MISS  IB ILITY 


FREQUENCY  -  C. P. S. 


Figure  77.  Analytical  and  Experimental  Response 

Curves  of  the  DAY!  Beta  With  ?  -  .117 

and  S.  =  +1.5 
r 
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TRANSMISSIBILITY 


TRA  NS MISS IBIL1 1 


Figure  80.  Analytical  and  Experimental  Response 

Curves  ot  the  DA VI  Beta  With  "5  .117 

and  E  -  2. 100  } 

r 
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1.5  2  3  4  6  8  10  15  20  30  4 

FREQUENCY  -  C.P.S. 

Figure  82.  Analytical  and  Experimental  Response 
Curves  of  the  DAVI  Beta  With  .0 


transmissibility 


FREQUENCY  -  C.P.S. 

Figure  84.  Analytical  and  Experimental  Response 

Curves  of  the  DAVI  Beta  With  i  -  .016 
and  -  4.82  ■>s 
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TABLE  VIII 

DAVI  GAMMA  CONFIGURATIONS  TESTED 


Fig. 

No. 

Iso¬ 

lated 

Weight 

(Lb) 

Percent 

Damping 

fe  fA 

DAVI 

Inertia 

Bar 

Weight 

(Lb) 

Spring 
Rate 
(Lb/In.) 
Ks  <c> 

R 

( In.  ) 

Y 

(In. ) 

P 

(In. ) 

86 

27 

.016 

.01 

.9 

396 

428 

-1.0 

2.0 

2.58 

87 

27 

.050 

.01 

.9 

396 

428 

-1.0 

2.0 

2.58 

88 

27 

.117 

.01 

.9 

396 

428 

-1.0 

2.0 

2.58 

89 

27 

.016 

.01 

2.25 

396 

428 

-2.27 

2.0 

2.405 

90 

27 

.050 

.01 

2.25 

396 

428 

-2.27 

2.0 

2.405 

91 

27 

.117 

.01 

2.25 

396 

428 

-2.27 

2.0 

2.405 

92 

27 

.016 

.01 

2.25 

396 

450 

-2.40 

1.0 

2.125 

93 

27 

.050 

.01 

2.25 

396 

450 

-2.40 

1.0 

2.125 

94 

27 

.117 

.01 

2.25 

396 

450 

-2.40 

1.0 

2.125 

95 

27 

.016 

.01 

2.25 

396 

484 

-4.66 

.76 

3.48 

96 

27 

.050 

.01 

2.  25 

396 

484 

-4.66 

.76 

3.48 

97 

27 

.117 

.01 

2.25 

396 

484 

-4.66 

.76 

3.48 

Figures  87  through  98  give  the  results  of  the  tests,  and 
Table  IX  shows  a  summary  of  the  test  results. 
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TABLE  IX 


SUMMARY  OF  DAVI  GAMMA  TEST  RESULTS 


Fig. 

No. 

Mode 

Ant iresonance 

First 
Natural 
Frequency 
(c.p.s. ) 

Trans. 

Second 
Natural 
Frequency 
(c.p.s. ) 

Trans. 

Frequency 
(c.p.s. ) 

Trans. 

87 

7.6 

24.0 

36.0 

.20 

40.0 

.014 

88 

8.0 

6.0 

- 

- 

40.0 

.010 

89 

8.0 

8.0 

- 

- 

40.0 

.012 

90 

7.4 

17.0 

21.0 

.45 

20.0 

.021 

91 

8.0 

8.0 

22.0 

.25 

20.0 

.012 

92 

8.0 

6.5 

23.0 

.19 

20.0 

.011 

93 

7.0 

30.0 

15.0 

10.5 

12.0 

.013 

94 

7.0 

11.0 

15.0 

1.9 

12.0 

.018 

95 

6.9 

8.0 

15.0 

1.1 

12.0 

.010 

96 

_ 

12.0 

19.0 

5.1 

.028 

97 

- 

- 

12.0 

7.2 

5.1 

.028 

98 

- 

- 

11.0 

3.2 

5.1 

.030 

It  is  seen  from  the  above  table  and  Figures  87  through  98  that 
the  test  results  were  as  expected.  As  in  the  DAVI  Beta 
series  of  testing,  these  tests  show  that  the  increased 
damping  did  reduce  the  transmissibility  at  the  natural  fre¬ 
quencies,  that  the  antiresonant  frequencies  were  not  affected 
by  the  magnitude  of  the  damping,  and  that  high-frequency  iso¬ 
lation  was  obtained.  In  Figure  99,  a  test  was  done  by  com¬ 
pletely  removing  the  inertia  bar;  thus,  a  series  spring  system 
was  tested  and  compared  to  the  DAVI  of  the  same  static  stiff¬ 
ness.  It  is  seen  in  this  test  that  at  antiresonance  of  the 
DAVI,  considerably  greater  isolation  was  obtained.  The  DAVI 
Gamma  also  achieved  greater  isolation  at  the  higher  frequen¬ 
cies  than  this  series  system.  It  is  seen  in  Figures  87,  88, 
and  89  that  with  only  1.6  percent  of  critical  damping,  the 
transmissibility  at  the  higher  frequency  resonance  was  only 
.2;  and  that  at  the  higher  magnitude  of  damping,  the  second 
natural  frequency  appears  to  be  virtually  eliminated.  In 
Figures  96,  97,  and  98,  the  lower  natural  frequencies  could 
not  be  obtained  due  to  the  limitation  of  the  test  equipment, 
in  which  frequencies  below  5  c.p.s.  could  not  be  obtained. 
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Correlation 


The  analytical  and  test  results  were  correlated.  The  cor¬ 
relation,  which  is  shown  in  Figures  87  through  98,  is  seen 
to  be  excellent.  The  natural  frequencies  of  the  system  are 
predicted  quite  accurately,  and  the  predicted  transraissi- 
bilities  of  the  DAVI  Gamma  agree  with  the  test  results. 
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Figure  90.  Analytical  and  experimental  Response 
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Figure  92,  Analytical  and  Experimental  Response 
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Figure  94.  Analytical  and  Experimental  Response 
Curves  of  the  DA VI  Gamma  With  .  0 
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DA VI  ALPHA  SHOCK 


ANALYSIS 

This  analysis  determines  the  shock  transmissibility  of  the 
DAVI  Alpha.  It  does  so  with  special  emphasis  on  the  prob¬ 
lem  of  correlating  theoretical  results  with  the  results  of 
actual  shock  tests. 

This  analysis  applies  to  two  types  of  DAVI  Alphas.  One  type 
is  the  conventional  single-degree-of-freedom  DAVI  Alpha, 
where  the  DAVI  pivots  are  assumed  to  be  rigid  except  in 
rotation.  The  second  type  is  the  DAVI  Alpha  in  which  the 
pivots  are  allowed  to  have  translational  freedom  as  well  as 
rotation,  as  is  the  case  with  elastomeric  pivots.  Since 
damping  is  inherently  present  in  elastomers  in  amounts  de¬ 
pendent  on  the  particular  material,  it  is  Lncluded  in  the 
der ivat ion. 


In  order  that  the  response  of  the  DAVI  Alpha  may  be  com¬ 
pared  with  the  response  of  a  conventional  isolator,  equations 
of  motion  for  the  conventional  isolator  are  derived  and  solved 
in  a  similar  fashion  to  those  for  the  DAVI  Alpha. 

Three  types  of  inputs  are  considered:  half-sine,  triangular, 
and  square  waves. 


Figure  100.  Half-Sine  Wave  Input 


The  equations  for  a  half-sine  pulse  (Figure 
written  as 


**(*)  -  A  S/n  ~ 


100) 


can  be 

(172) 


where  U(t)  is 
F’(t)  is 


the  step 

F(S)  = 


function.  The  Laplace  Transform  of 

f  -sT] 

J  <173) 
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Figure  1J1.  Triangular  Input 

The  equations  for  a  saw-tooth  pulse  (Figure  101)  can  be 
written  as 

f(t)  rjj 

and  th.  ace  Transform  of  r(t)  is 
Ffs)  -  e~T] 


—  F(t) 


Figure  102.  Square-Wave  Input 

rhe  equations  for  a  square- wave  pulse  (Figure  102)  can 
bo  written  ' 

F(t)  -  A  [c t(t)  -  u(t-  rt~)J 

and  the  Laplace  Transform  of  F(t)  is 

^  =  T 


The  equations  of  motion  were  derived  in  a  manner  that  would 
give  results  similar  to  drop  test  results.  The  conven¬ 
tional  method  of  shock-testing  the  spring  mass  (rix>Ko), 
as  shown  in  Figure  103,  is  to  fix  the  equipment  to  the 
carriage  (  Mq  )  of  a  drop  test  machine,  to  place  plastic 
material  on  the  anvil  of  the  machine  which  is  known  to  give 
the  desired  shock  impulse  and  to  carry  out  a  drop  test. 

The  procedure  is  well  described  in  Reference  2,  "Shock’ and 
Vibration  Handbook",  hy  Harris  and  Crede. 


Figure  103.  Schematic  of  Isolated  Mass 
on  Drop  Test  Carriage 


The  shock  input  is  usually  measured  as  an  acceleration  of 
the  carriage,  and  the  output  is  usually  the  measured  accel¬ 
eration  of  the  isolated  mass,  ,  Therefore,  the  system 
responses,  as  derived  from  the  equations  of  motion,  are  ex¬ 
pressed  as  the  ratio  of  the  accelerations  of  the  carriage 
to  the  isolated  mass. 

From  Figure  103,  the  energy  equations  of  the  conventional 
isolator,  including  the  mass  of  the  base,  can  be  obtained. 
The  kinetic  energy  is 


z 

-x  ^ 


T-- 

The  potential  energy  is 

/  =  i  Kd  fer-Zc> 


;  2 


2 


(178) 


(179) 
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The  dissipation  function  is 


o  =  ice(ix-  icf 

(180) 

and 

O  =  F(t)z c 

(181) 

Applying 
this  two 

Lagrange’s  equation,  the  equations  of  motion  for 
-mass  system  with  a  time-dependent  force  input  are 

Mz'ix  *  cB rv*e)  *  =° 

(182) 

Mc  Zc  ^CbCic-Zx^  +*b(2c'  zx->  =  F(‘ 

(183) 

Now,  since  accelerations  of  the  carriage,  z*c  ,  are 
mined  in  a  drop  test  as  described  above,  it  is  only 
essary  to  consider  Equation  (182),  or 

deter- 

nec- 

Mt  iTx  CD  2r  t  Kp  s  Kp  Pc  +  Q>  ?c 

(184) 

Equation  (184)  was  then  programmed  for  the  digital  computer 
for  the  three  different  inputs  of  half-sine,  triangular, 
and  square  wave.  Transients  can  also  be  solved  for  initial 
displacement  and  velocity.  Equation  (184)  was  solved  by  a 
step-by-step  method  utilizing  the  Runge  Kutta  method. 


The  computer  program  was  checked  for  results  by  using  the 
Laplace  transformation  of  Equation  (184),  neglecting  damping 

-  A'pZg/W  (185) 

Since  ?c(s)can  be  represented  by  the  three  inputs  con¬ 
sidered  in  the  analysis,  then  the  Laplace  transformation,  is, 
foi*  the  ha  If -sine  input, 

J!!e££L=  __1 _ Lesi-^-r- 

A  sM?'/1  L  J  S  (185) 

and  for  the  triangular  input. 


,-ze'K 


(187) 
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and  for  the  square  wave. 


(188) 


The  inverse  transformation  of  the  above  three  equations 
gives  the  acceleration  of  the  isolated  mass  versus  time, 
or, for  the  half-sine  input. 


for  the  triangular  input. 


(189) 


A  r  cl  -j 


and  for  the  square  wave, 


•  • 

— r=  CoN^[l-coscuj]u(t)  -J_l-  Cos  QJ„  (t-T )Ju( &  -  r)j  (191 

A 

From  Figure  104,  the  equations  of  motion  of  the  DAV I 
shock  analysis  can  be  derived. 


Figure  104.  Schematic  of  DAVI  Alpha  Isolated 
Mass  on  Drop  Test  Carriage 
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The  kinetic  energy  of  the  system  is 


(192) 

The 

potential  energy  of  the  system  is 

y-  i*D  fex-Zef 

(193) 

The 

dissipation  function  is 

°  =  5  c0fiT-zc)z 

(194) 

a  mi 

Q  =  ~  F(t)  Hc 

(195) 

Substituting  the  geometric  relationships 

&  --  ?C  and  H0= 

into  the  kinetic  energy  equation.  Equation  (192)  becomes 


r  =  ~  Mr  ?/  +  ^nc  2  * + 


i<%[H  c-r9-i)iJ 

*  i  i(i±M 


(196) 


Applying  Lagrange’s  equation,  the  equations  of  motion 
become 


+  K„Zt 

^]k'c-cDic-KDzc 


O 


(197) 


(198) 
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However,  since  the  input  2C  is  the  acceleration  of  the 
carriage,  it  is  only  necessary  to  consider  Equation  (197), 
which  can  be  rewritten  as 

^  ^  ~~  "A  Kq  (199) 

Equation  (199)  was  then  programmed  for  the  digital  computer 
in  a  similar  manner  as  the  equation(s)  for  the  conventional 
system  for  the  three  different  types  of  inputs  and  initial 
conditions  of  displacement  and  velocity. 

From  Figure  105,  the  equations  of  motion  for  the  DAVI  Alpha 
with  flexible  pivots  can  be  derived. 


Figure  105.  Schematic  of  DAVI  Alpha 
With  Flexible  Pivots  on 
Drop  Test  Carriage 

The  energies  of  this  system  are 

T- +  (200) 

V  •  i  Kd f?x  -2 c  A  i  K,  CBZ 

0  =  iCefc-itf  i-iqr£z-£,  f+^c2(iz-ic)rC0&z 

Q=  Fit)  ?c 


(201) 

(202) 

(203) 
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Substituting  the  geometric  relationships 

0  s  and  2p  =  ~  “  0  2f i 

into  the  energy  equations  and  applying  Lagrange’s  equation, 
the  equations  of  motion  are 


nrzx  wVcj?-  ^  tx,  j?x  -c,?,  -^,4  -*i2c  -  O (204) 


*[md0-$)\  %]z]  i-c,  itr  2(+- 


(205) 


(206) 


-C02J-Ko2x  -CZ*Z.-KZ*Z  *  -  ^J(207) 

»  • 

Since  2C  for  the  three  types  of  inputs  considered  is  known. 
Equations  (204),  (205),  and  (206)  were  programmed  for  a 

numerical  solution  on  the  digital  computer. 


NU  ME  R I C  A L  S GLUT  IONS 

Utilizing  the  digital  programs,  the  shock  trar.smiss  ibil  ity 
for  the  DAVI  Alpha  was  calculated  for  three  different  inputs 
of  square,  triangular,  and  half-sine  waves.  The  period  of 
the  inputs  was  .01  second.  The  results  are  compared  to  a 
conventional  isolator  having  the  same  static  spring  rate. 

The  range  of  R/r  considered  was  -10  to  +10. 


Figures  106  through  110  show  a  typical  time  history  of  the 
DAVI  Alpha  for  the  three  types  of  inputs.  It  is  seen  from 
these  figures  that  the  DAVI  Alpha  response  differs  from 
that  of  a  conventional  isolator.  The  DAVI  Alpha  has  an 
initial  peak,  the  amplitude  of  which  is  primarily  a  function 
of  its  high-frequency  isolation;  thus,  a  DAVI  having  a  high- 
frequency  isolation  of  .7  transmits  approximately  .7  of  the 
applied  shock,  then  oscillates  at  its  natural  frequency. 
Since  the  natural  frequency  of  the  DAVI  is  less  than  that 
of  the  conventional  isolator  for  the  same  static  frequency 
for  the  period  of  inputs  considered,  the  DAVI  always  gave 
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better  shock  isolation  in  its  fundamental  mode  of  oscilla¬ 
tion  than  the  conventional  isolator. 

Figures  111  through  115  are  carpet  plots  of  the  calculations 
in  which  R/r  andXtVMF  (high-frequency  isolation  of  the  DAVI) 
are  plotted  versus  peak  values  of  shock  transmissibility . 

It  is  seen  from  these  carpet  plots  that  it  is  the  high- 
frequency  isolation  that  primarily  determines  the  shock 
transmissibility  characteristics  of  the  DAVI  Alpha.  The 
higher  the  value,  the  higher  the  initial  transmitted 

peak  and  the  lower  the  transmissibility  for  the  long-period 
oscillation.  The  lower  the  value  of  To<VHfr  ,  the  closer  the 
DAVI  Alpha  approaches  the  shock  characteristics  of  the  con¬ 
ventional  isolator.  However,  in  the  cases  calculated,  the 
DAVI  Alpha  had  better  shock  isolation  than  the  conventional 
isolator  in  the  long-period  oscillation. 

Calculations  were  done  to  determine  the  effects  of  radial 
flexible  pivots  in  the  DAVI  Alpha  on  velocity  shock,  and 
were  compared  to  velocity  shock  calculations  of  the  DAVI 
Alpha  and  conventional  isolator.  However,  to  determine 
the  proper  ratio  of  torsional  flexibility  to  radial  flexi¬ 
bility  to  use  in  the  calculations,  torsional  and  radial 
spring  rates  of  15  commercial  bushings  were  calculated. 

These  calculations  are  based  upon  the  methods  shown  in 
Reference  3,  pages  229  through  232.  Figure  116  shows  the 
results  of  these  calculations,  in  which  the  ratio  of  radial 
spring  rate  is  plotted  versus  torsional  spring  rate.  It  is 
seen  from  this  figure  that  there  is  large  scatter  in  the 
results;  this  is  due  to  the  fact  that  the  calculations  of 
the  radial  spring  rate  are  based  upon  empirical  relation¬ 
ships  to  determine  the  stiffness.  This  involves  the  crea¬ 
tion  of  a  hypothetical  bonded  compression  pad  whose  stiff¬ 
ness  is  equivalent  to  the  stiffness  of  the  bushing. 
Therefore,  only  approximate  results  can  be  obtained.  The 
method  of  least  squares  was  used  to  determine  the  best 
straight-line  fit,  as  shown  in  Figure  116. 

Calculations  were  done  for  velocity  shock  for  the  DAVI 
Alpha  with  radial  flexible  pivots,  and  were  compared  to 
the  calculations  of  velocity  shock  of  the  DAVI  Alpha  and 
conventional  isolator.  Table  X  gives  the  physical  param¬ 
eters  used  in  the  calculations. 
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Figure  106.  Time  History  of  the  DAVI  Alpha  With  XnVMF  =0.] 
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re  109.  Time  History  of  the  DAVI  Alpha  With  Toe  r  =  0 
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MILLISECONDS  MILLISECONDS  MILLISECONDS 

Figure  110.  Time  History  of  the  DAVI  Alpha  With  Tl  =  0* 
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Figure  111.  Initial  Peak  Shock  Transmissibility  of  the 
DAVI  Alpha  for  a  Square-Wave  Input 


Fundamentul  Peak  Shock  Transmiss ibility  of  the  DAVI 
Alpha  for  a  Square-Wave  Input 
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Figure  113.  Initial  Peak  Shock  Transmissibility  of  the 

DAVI  Alpha  for  a  Triangular  and  Half-Sine  Input 
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Figure  115.  Fundamental  Peak  Shock  Transmissibility  of  the 
DAY I  Alpha  for  a  Half-Sine  Wave  Input 


TABLE  X 


PHYSICAL  PARAMETERS  OF  DAY  I  ALPHA  FOR  VELOCITY  SHOCK 


Isolated 

Weight 

R/r 

T.  Ke 

Kp 

(Lb) 

(In. -Lb/Rad) 

(Lb/In.) 

(Lb/In.) 

(c.p.s.) 

39.1 

10 

400 

7800 

0 

.01629 

5.88 

39.1 

10 

300 

6750 

100 

.01629 

5.91 

39.1 

10 

200 

5600 

200 

.01629 

5.90 

39.1 

10 

100 

4200 

300 

.01629 

5.83 

39.1 

10 

0 

OO 

400 

.01629 

5.92 

39.1 

_ 

— 

mm 

400 

_ 

10.01 

It  is  seen  from  the  above  table  that  physical  parameters  of 
the  DAVI  Alpha,  with  flexible  pivots,  were  chosen  such  that 
the  fundamental  natural  frequency  was  the  same  as  in  the 
DAVI  Alpha  with  rigid  pivots.  The  value  of  Kf  and  K 2  used 
in  the  analysis  was  determined  from  Figure  116. 

Figures  116  and  117  show  the  time  histories  versus  g*s  of 
the  isolated  mass  for  a  10 -inch/second  initial  velocity. 

The  results  show  that  in  all  the  cases  calculated,  the  DAVI 
Alpha  with  flexible  pivots  had  a  higher  response  than  either 
the  conventional  or  the  simple  DAVI  Alpha.  This  high  response 
is  due  to  the  fact  that  the  DAVI  Alpha  with  flexible  pivots 
has  three  degrees  of  freedom.  The  high  response,  as  seen 
from  the  figures,  is  the  second  mode  of  motion.  The  small 
variation  in  the  envelope  of  this  response  is  the  motion 
due  to  the  fundamental  or  low  frequency.  This  fundamental 
frequency  response  is  as  low  as  the  simple  DAVI.  Because 
the  DAVI  Alpha  with  flexible  pivots  has  three  degrees  of 
freedom  and  will  respond  in  all  three  modes  for  a  transient 
excitation,  it  usually  will  have  a  higher  response  than  the 
simple  DAVI  Alpha.  It  also  is  seen  in  these  figures  that 
the  simple  DAVI  Alpha  had  a  much  lower  response  to  the 
velocity  shock  than  the  conventional  isolator  with  the  same 
spring  rate. 
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ACCELERATION  g  ACCELERATION 


ACCELERATION  g  ACCELERATION 


TEST 


Drop  tests  of  the  DAVI  Alpha  used  in  steady-state  vibration 
surveys  were  done  in  December  1966  at  Barry  Controls, 
Watertown,  Massachusetts,  utilizing  their  drop  test  equip¬ 
ment  and  instrumentation. 

The  DAVI  isolated  platform  used  in  the  drop  tests  was  the 
same  as  that  used  in  the  previous  DAVI  contract  and  is  de¬ 
scribed  in  Reference  1.  The  test  equipment  used  was  the 
VP-400  varipulse  machine,  which  is  a  free-fall  type  of 
mechanical  shock  test  machine  in  which-  peak  "g"  values 
are  obtained  by  varying  the  height  of  the  drop.  Three 
basic  configurations  were  tested,  as  shown  in  Figures  119, 
120,  and  121.  Figure  119  shows  the  DAVI  Alpha  isolated 
platform  installed  on  the  drop  test  machine.  Figure  120 
shows  the  platform  isolated  by  the  DAVI  Alpha  with  molded 
rubber  pivots  installed  on  the  drop  test  machine,  and  Fig¬ 
ure  121  shows  the  conventional  mounted  platform.  The  con¬ 
ventional  system  was  obtained  by  removing  the  DAVI  Alpha 
with  the  molded  rubber  pivots. 

The  three  configurations  were  subjected  to  three  different 
types  of  inputs.  Figure  122  shows  the  means  of  obtaining 
the  one-half  sine  input.  Figure  123  shows  the  means  of 
obtaining  the  saw  tooth,  and  Figure  124  shows  the  means  of 
obtaining  the  square-wave  input.  Sixty-one  drops  were 
made;  Table  XI  shows  the  forty-two  drop  tests  that  were 
reported . 

Figures  125  through  166  give  the  results  of  the  tests.  In 
these  figures,  the  bottom  response  is  the  input  and  the 
top  response  is  of  the  isolated  platform.  The  time  scale 
is  20  milliseconds  per  major  division,  and  the  amplitude 
scale  is  5  g's  per  major  division. 

Table  XII  gives  a  summary  of  the  results  obtained. 
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TABLE  XI 


DROP  TEST  CONFIGURATIONS 


Input 


Platform 
Wt.  (Lb) 

DA VI  Bar 
Wt.  (Lb) 

R/r 

Type 

Period 

Msec. 

Mag. 

”g  " 

Fig 

No. 

41 

2.25 

-6.31 

1/2  sine 

20 

10.0 

124 

41 

2.25 

-2.40 

1/2  sine 

20 

10.0 

125 

41 

2.25 

-2,40 (Rubber) 

1/2  sine 

20 

1L.0 

126 

41 

2.25 

-1.135 

1/2  sine 

20 

10.0 

127 

41 

0.90 

-0.5 

1/2  sine 

20 

10.0 

128 

41 

2.25 

+4.82 

1/2  sine 

20 

9.0 

129 

41 

2.25 

+2.95 

1/2  sine 

20 

9.0 

130 

41 

2.25 

+2. 95  (Rubber) 

1/2  sine 

20 

12.0 

131 

41 

2.25 

+2.10 

1/2  sine 

20 

10.0 

132 

41 

0.90 

+1.50 

1/2  sine 

20 

10.0 

133 

41 

— 

Conventional 

1/2  sine 

20 

12.0 

134 

41 

2.25 

-2.40 

1/2  sine 

60 

2.5 

135 

41 

2.25 

-2,40  (Rubber) 

1/2  sine 

60 

3.5 

136 

41 

2.25 

-1.135 

1/2  sine 

60 

3.0 

137 

41 

2.25 

+2.95 

1/2  sine 

60 

2.5 

138 

41 

2.25 

+2. 95  (Rubber) 

1/2  sine 

60 

5.0 

139 

41 

2.25 

+2.10 

1/2  sine 

60 

5.0 

140 

41 

- 

Conventional 

1/2  sine 

60 

6.0 

141 

41 

2.25 

-6.131 

Saw-tooth 

20 

10.0 

142 

41 

2.25 

-2.40 

Saw-tooth 

20 

10.0 

143 

41 

2.25 

-2.40 (Rubber) 

Saw-tooth 

20 

10.0 

144 

41 

2.25 

-1.135 

Saw-tooth 

20 

10.0 

145 

41 

0.90 

-0.5 

Saw-tooth 

20 

8.0 

146 

41 

2.25 

+4.842 

Saw-tooth 

20 

10.0 

147 

41 

2.25 

+2.95 

Saw-tooth 

20 

10.0 

148 

41 

2.25 

+2. 95 (Rubber) 

Saw-tooth 

20 

10.0 

149 

41 

2.25 

+2.10 

Saw-tooth 

20 

8.0 

150 

41 

0.90 

+1.50 

Saw-tooth 

20 

8.0 

151 

41 

— 

Conventional 

Saw-tooth 

20 

11.0 

152 

100 

2.25 

-6.131 

Saw-tooth 

20 

8.0 

153 

100 

+2.25 

-2.40 

Saw-tooth 

20 

10.0 

154 

100 

2.25 

-2. 40 (Rubber) 

Saw-tooth 

20 

10.0 

155 

100 

2.25 

-1.135 

Saw-tooth 

20 

12.0 

156 

100 

2.25 

+4.842 

Saw-tooth 

20 

9.0 

157 

100 

2.25 

+2.95 

Saw-tooth 

20 

8.0 

158 

100 

2.25 

+2  95 (Rubber) 

Saw-tooth 

20 

9.0 

159 

100 

— 

Conventional 

Saw-tooth 

20 

11.0 

160 

41 

2.25 

-2.40 

Square 

20 

13.0 

161 

41 

2.25 

-2.40 (Rubber) 

Square 

20 

14.0 

162 

41 

2.25 

+2.95 

Square 

20 

10.0 

163 

41 

2.25 

+2. 95 (Rubber) 

Square 

20 

12.0 

164 

41 

- 

Conventional 

Square 

20 

12.0 

165 
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TABLE  XII 


SUMMARY  OF  DROP  TEST  RESULTS 


Fig. 

No. 

Plat¬ 

form 

Wt. (Lb) 

R/r 

~^Sf VF 

Trans.  (Output/Input) 
High 

Fundamental  Frequency 

124 

41 

-6.131 

.  865 

.111 

1.335 

125 

41 

-2.40 

.595 

.167 

.834 

126 

41 

-2. 40 (Rubber) 

.595 

.167 

1.000 

127 

41 

-1.135 

.355 

.500 

.600 

128 

41 

-0.5 

.  140 

.723 

— 

129 

41 

4.842 

.950 

.1178 

1.414 

130 

41 

2.95 

.744 

.235 

1.060 

131 

41 

2. 95 (Rubber) 

.744 

— 

1.25 

132 

41 

2.10 

.518 

.526 

.834 

133 

41 

1.50 

.140 

.700 

.25 

134 

41 

Conventional 

— 

.834 

— 

135 

41 

-2.40 

.  595 

1.00 

— 

136 

41 

-2.40 (Rubber) 

.595 

1.00 

— 

137 

41 

-1.135 

.355 

1.33 

— 

138 

41 

+2.95 

.744 

1.00 

— 

139 

41 

+2. 95 (Rubber) 

.744 

1.20 

— 

140 

41 

+2.10 

.518 

.80 

— 

141 

41 

Convent iona 1 

— 

1.68 

— 

142 

41 

-6.131 

.865 

.100 

1.00 

143 

41 

-2.40 

.595 

.227 

.635 

144 

41 

-2.40 (Rubber) 

.595 

.200 

1.10 

145 

41 

-1.135 

.355 

.444 

.555 

146 

41 

-0.5 

.  140 

.555 

— 

147 

41 

4.842 

.950 

.100 

1.20 

148 

41 

+2.950 

.744 

.200 

.890 

149 

41 

+2. 95 (Rubber) 

.744 

.200 

1.60 

150 

41 

+2.10 

.518 

.333 

.625 

151 

41 

+1.50 

.  140 

.750 

— 

152 

41 

Conventional 

— 

.835 

— 

153 

100 

-6.131 

.774 

.11 

1.111 

154 

100 

-2.40 

.  665 

.333 

.777 

155 

100 

-2. 40 (Rubber) 

.  665 

.200 

.900 

156 

100 

-1.135 

.485 

.333 

.333 

157 

100 

+4.842 

.770 

.1875 

1.125 

158 

100 

2.95 

.478 

.333 

.777 

159 

100 

2. 95(Rubber) 

.478 

.200 

1.20 

160 

100 

Conventional 

— 

.636 

- 

161 

41 

-2.40 

.595 

.333 

1.412 

162 

41 

-2. 40 (Rubber) 

.595 

— 

1.230 

163 

41 

+2.95 

.744 

.182 

1.545 

164 

41 

+2. 95(Rubber) 

.744 

- 

1.665 

165 

41 

Conventional 

— 

1.083 

- 
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The  transraissibilit ies  in  Table  XII  were  obtained  from  the 
first  cycle  of  the  time  histories  of  the  isolated  platform. 
The  first  cycle  was  used  to  obtain  the  transmissibilities  to 
minimize  the  feedback  to  the  drop  test  table.  It  should  be 
noted  that  for  the  one-half  sine  input,  there  was  rebound. 
This  was  due  to  the  low  drop  height  to  minimize  the  Mg" 
loading,  and  the  catch  mechanism  could  not  operate  at  this 
height.  The  transmissibility  of  the  fundamental  response 
was  obtained  by  fairing  out  the  high-frequency  response. 
Because  of  this  fairing  and  the  scale  factor  on  the  figures, 
the  transmissibilities  are  not  precise. 

Although  theoretical  calculations  were  not  done  to  correlate 
the  drop  test  results,  the  inspections  of  Figures  119  through 
166  and  of  Table  XII  show  that  the  test  results  definitely 
followed  the  theory  as  predicted  in  Figures  106  through  115. 
In  every  test  case,  the  transmissibility  of  the  DAVI  Alpha 
in  its  fundamental  frequency  was  lower  than  that  of  the 
equivalent  conventional  isolator.  In  most  cases,  the  higher 
the  high-frequency  isolation  of  the  DAVI  Alpha,  the  lower 
the  transmissibility  obtained  in  the  fundamental  frequency 
response  and  the  higher  the  transmissibility  obtained  in 
the  initial  response.  The  high  response  of  the  DAVI  Alpha 
with  molded  rubber  pivots  appeared  to  be  due  to  its  second 
degree  of  freedom.  It  should  be  noted  that  with  the  higher 
period  of  60-millisecond  input  of  the  one-half  sine  wave 
(Figures  136  through  142),  no  initial  high  response  was 
obtained  and,  in  every  case,  DAVI  Alpha  had  lower  trans¬ 
missibility  than  the  conventional  isolator. 
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Figure  120.  DAVI  Alpha  With  Molded 
Rubber  Pivots  Installed 
on  the  Drop  Test  Fixture 
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Figure  123.  Saw-Tooth  Input  Installation 


Figure  124.  Square-Wave  Input  Installation 
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Figure  125.  Time  History  of  Figure  126.  Time  History  of 

Experimental  Drop  Experimental  Drop 

Test  Test 


191 


Figure  127.  Time  History  of  Figure  128.  Time  History  of 

Experimental  Drop  Experimental  Drop 

Test  Test 
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Figure  141.  Time  History  of  Figure  142.  Time  History  of 

Experimental  Drop  Experimental  Drop 

Test  Test 
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Figure  145.  Time  History  of  Figure  146.  Time  History  of 

Experimental  Drop  Experimental  Drop 
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Figure  151.  Time  History  of  Figure  152.  Time  History  of 

Experimental  Drop  Experimental  Drop 
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Figure  155.  Time  History  of  Figure  156.  Time  History  of 

Experimental  Drop  Experimental  Drop 
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Figure  157.  Time  History  of  Figure  158.  Time  History  of 

Experimental  Drop  Experimental  Drop 
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CONCLUSIONS 


From  the  results  of  the  analysis  and  model  testing,  the 

following  conclusions  can  be  made: 

1.  Correlation  of  the  analytical  and  test  results  of 
the  DAVI  Alpha  was  excellent. 

2.  The  natural  frequency  of  the  DAVI  Alpha  was  always 
lower  than  the  natural  frequency  of  the  equivalent 
conventional  system. 

3.  A  change  in  isolated  weight  did  not  affect  the  anti¬ 
resonant  frequency  of  the  DAVI  Alpha. 

-4.  The  DAVI  Alpha  can  be  easily  tuned  to  give  the  desired 
antiresonant  frequency.  In  the  series  of  tests  on  the 
DAVI  Alpha,  the  DAVI  Alpha  was  tuned  to  give  an  anti¬ 
resonance  from  5.6  c.p.s.  to  20.5  c.p.s.  without 
changing  any  hardware. 

5.  Results  of  the  design  study  and  tests  show  the  DAVI 
Alpha  to  be  ideally  suited  for  helicopter  vibration 
problems . 

6.  A  two-dimensional  DAVI  Alpha  can  be  designed  with 
spherical  bearings. 

7.  Analysis  and  tests  show  that  the  series-damped  DAVI, 
that  is,  the  DAVI  Beta  and  Gamma,  can  be  designed  to 
give  high-frequency  isolation  and  to  retain  the  DAVI 
Alpha  antiresonance  characteristics. 

8.  Damping  in  the  series  element  in  the  DAVI  Beta  or 
Gamma  can  be  used  to  attenuate  the  natural  fre¬ 
quencies  of  the  system,  and  will  still  obtain 
excellent  isolation  at  the  antiresonant  frequency. 

9.  The  DAVI  Beta  or  Gamma  can  be  designed  to  give  better 
high-frequency  isolation  than  a  conventional  isolation 
system  with  the  same  spring  rate. 

10.  The  DAVI  Beta  and  Gamma  can  be  designed  to  give  the 
same  results. 
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11.  Correlation  of  the  analytical  and  test  results  of  the 
DAVI  Beta  and  Gamma  was  good. 

12.  Analysis  of  the  DAVI  Delta  shows  that  zero  static  de¬ 
flection  can  be  obtained  on  the  inertia  bar.  However, 
the  DAVI  Delta  does  not  have  simple  tuning  capability 
and  cannot  be  designed  as  simply  as  the  other  DAVI 
conf igurat  ions . 

13.  For  the  period  of  the  shock  input  analyzed,  the  DAVI 
Alpha  has  an  initial  shock  transmiss ibil ity  that  is 
approximately  equal  to  its  high-frequency  transmissi- 
bility.  The  DAVI  Alpha  then  oscillates  in  its  fun¬ 
damental  mode. 

14.  A  DAVI  Alpha  can  be  designed  to  give  better  shock 
attenuation  than  a  conventional  isolator  of  the 
same  stiffness. 

15.  The  DAVI  Alpha  with  radial  flexible  pivots  had  higher 
response  due  to  velocity  shock  than  either  the  DAVI 
Alpha  with  rigid  pivots  or  the  conventional  isolator. 
This  high  response  is  due  to  the  increased  number  of 
degrees  of  freedom  in  the  DAVI  Alpha  with  radial 
flexible  pivots  and  all  of  the  modes  of  motion  are 
excited  by  the  velocity  shock  input. 

16.  From  the  drop  test  results  of  the  DAVI  Alpha  with 
flexible  pivots,  the  initial  shock  transmiss ibility 
that  occurred  in  the  DAVI  Alpha  was  eliminated.  How¬ 
ever,  due  to  the  three-degree-of-f reedom  system,  all 
modes  of  motion  are  excited  by  the  shock  input,  and 
higher  transmissibilit ies  are  obtained  than  in  the 
DAVI  Alpha  with  rigid  pivots. 
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